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Abstract 
Bone Morphogenetic Protein (BMP) patterns the dorsoventral (DV) embryonic axis in all vertebrates, but it 
is unknown how cells along the DV axis interpret and translate the gradient of BMP signaling into 
differential gene activation that will specify distinct cell fates. To determine the mechanism by which BMP 
signaling provides positional information to cells across the DV axis in the zebrafish embryo, we identified 
the genes that are directly regulated by BMP signaling during gastrulation. We identified 57 genes that are 
directly activated and 15 genes directly repressed by BMP signaling. By using Seurat analysis of single-
cell RNA-seq data, we found that genes activated by BMP signaling are expressed in at least three distinct 
DV domains of the embryo. The expression boundaries of genes expressed in different domains correlate 
with both distinct BMP signaling levels and gradient slopes. The gradient is also highly dynamic during 
gradient formation from mid-blastula to early-gastrula stages, exposing cells to different signaling 
durations during gastrulation. The goal of this work is to distinguish between three models of BMP signal 
interpretation in which cells activate distinct gene expression through interpretation of thresholds of: 1. 
the BMP signaling gradient slope, 2. BMP signal duration, or 3. the level of BMP signal activation. We 
tested these three models using quantitative measurements of phospho-Smad5 and by examining the 
spatial relationship between BMP signaling and activation of different target genes at single cell 
resolution across the embryo. We utilized mutants that have a modified phospho-Smad5 gradient shape 
and measured corresponding shifts in target gene expression to determine if the gradient slope provides 
positional information. To address the role of signal duration to pattern ventral cell fates, we tested the 
requirement of BMP ligand exposure to activate target gene expression. We found that BMP signaling 
gradient slope or BMP exposure duration did not account for the differential target gene expression 
domains. Instead we show that cells respond to three distinct levels of BMP signaling activity to activate 
and position target gene expression. Together, we demonstrate that distinct phospho-Smad5 threshold 
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INTERPRETATION OF THE BMP MORPHOGEN GRADIENT DURING 
DORSAL-VENTRAL AXIAL PATTERNING 
 
Hannah Greenfeld 
Mary C. Mullins 
Bone Morphogenetic Protein (BMP) patterns the dorsoventral (DV) 
embryonic axis in all vertebrates, but it is unknown how cells along the DV axis 
interpret and translate the gradient of BMP signaling into differential gene 
activation that will specify distinct cell fates. To determine the mechanism by 
which BMP signaling provides positional information to cells across the DV axis 
in the zebrafish embryo, we identified the genes that are directly regulated by 
BMP signaling during gastrulation. We identified 57 genes that are directly 
activated and 15 genes directly repressed by BMP signaling. By using Seurat 
analysis of single-cell RNA-seq data, we found that genes activated by BMP 
signaling are expressed in at least three distinct DV domains of the embryo. The 
expression boundaries of genes expressed in different domains correlate with 
both distinct BMP signaling levels and gradient slopes. The gradient is also 
highly dynamic during gradient formation from mid-blastula to early-gastrula 
stages, exposing cells to different signaling durations during gastrulation. The 
goal of this work is to distinguish between three models of BMP signal 
interpretation in which cells activate distinct gene expression through 
interpretation of thresholds of: 1. the BMP signaling gradient slope, 2. BMP signal 
duration, or 3. the level of BMP signal activation.  We tested these three models 
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using quantitative measurements of phospho-Smad5 and by examining the 
spatial relationship between BMP signaling and activation of different target 
genes at single cell resolution across the embryo. We utilized mutants that have 
a modified phospho-Smad5 gradient shape and measured corresponding shifts 
in target gene expression to determine if the gradient slope provides positional 
information. To address the role of signal duration to pattern ventral cell fates, we 
tested the requirement of BMP ligand exposure to activate target gene 
expression. We found that BMP signaling gradient slope or BMP exposure 
duration did not account for the differential target gene expression domains. 
Instead we show that cells respond to three distinct levels of BMP signaling 
activity to activate and position target gene expression. Together, we 
demonstrate that distinct phospho-Smad5 threshold levels activate spatially-
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1.1 Introduction: Morphogen patterning during development 
During the development of multicellular organisms, a single cell gives rise 
to a pool of pluripotent cells that are transformed into all the cell types and 
organs of the adult (Ashe and Briscoe, 2006; Briscoe and Small, 2015; Rogers 
and Schier, 2011). Pluripotent cells are patterned during the process of 
gastrulation to generate different organ progenitors. During gastrulation, the 
embryonic body plan is formed through the specification of the three germ layers 
and highly coordinated massive cell movements (Tuazon and Mullins, 2015). The 
number and position of different cell types are specified in a stereotyped fashion 
within the embryo. Different fates and cell movements are induced by localized 
signaling molecules, called morphogens. Morphogens are signaling molecules 
that form a gradient across multiple cell-lengths to induce different cells fates. 
The graded distribution of the morphogen exposes cells to different signaling 
levels at different locations within the tissue. The mechanism of how graded 
morphogen signaling controls cells fate specification remains a highly active area 
of research. 
Morphogen gradients pattern the two primary body axes: the dorsal-
ventral (DV) axis and the anterior-posterior (AP) axis, as well as multiple organ 
systems later during development, regeneration, and tissue homeostasis 
(Tuazon and Mullins, 2015). The DV axis is patterned by Bone Morphogenetic 
Proteins (BMP), while the AP is patterned by localized Nodal, Fibroblast Growth 
Factor (FGF), Wnt, and Retinoic Acid (RA) signaling (Dorey and Amaya, 2010; 
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Hikasa and Sokol, 2013; Langdon and Mullins, 2011; Schier and Talbot, 2005). 
Gradients of the morphogens are formed during gastrulation as the embryo is 
undergoing massive cell movements. Cells are therefore exposed to different 
signaling levels across both time and space. Misregulation of these signaling 
pathways within the early embryo affects the specification and relative proportion 
of cell types across the embryo (Nguyen et al., 1998; Schumacher et al., 2011). It 
is critical to understand how cells respond to morphogen gradients to determine 
how different cell fates are established within precise positions of the embryo. 
The modern concept of morphogen gradients providing positional 
information to cells was proposed by Lewis Wolpert over 50 years ago (Wolpert, 
1969) (Figure 1.1). He proposed that cells within a field can gain information 
based on their location relative to each other as in a coordinate system. 
Differences in positional information are then converted to differences in cell fate. 
This concept of pattern regulation gave rise to the French Flag model that graded 
instructive cues can assign different cell fates in the correct order and proportion 
within a tissue. The French Flag problem requires cells to respond to different 
morphogen signaling thresholds, but how cells interpret graded morphogen 
signaling is not known for many biological systems. This chapter first discusses 
the Bone Morphogenetic Protein (BMP) signaling pathway and its role in dorsal-
ventral axial patterning.  This chapter next addresses how the BMP signal is 
transduced as well as the potential mechanisms by which BMP signaling 
regulates gene expression. Finally, the various mechanisms that have been 
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proposed to translate graded morphogen signaling into distinct domains of gene 
expression are addressed.  
Figure 1.1 The French flag problem. Wolpert’s French flag model represents a 
field of cells that has been divided into three regions of different cell fates 
depicted in blue, white and red. A graded distribution of a morphogen across a 
tissue exposes cells to different morphogen concentrations. Cells exposed to 
morphogen concentrations above the high threshold (t1) differentiate into the blue 
fate, while cells exposed to morphogen concentrations between high and low 
thresholds (t1 and t2) will differentiate into the white fate. Cells exposed to 
morphogen levels below t2 will form the red fate. Thus, a morphogen gradient 
can provide positional information and pattern multiple cell fates within a tissue. 
1.2 BMP signaling patterns the dorsal-ventral axis 
1.2.1 DV axis patterned by BMP signaling gradient  
 Bone Morphogenetic Proteins (BMP) are members of the TGF-β 
superfamily of secreted growth factors, which pattern multiple tissues that include 
the DV body axis, the neural tube, developing limb bud, and stem cell niches 
(Dutko and Mullins, 2011; Zinski et al., 2018). Misregulation of BMP signaling is 
associated with cancers, pulmonary hypertension, osteoporosis, and ectopic 
bone disease (Blanco Calvo et al., 2009; Lane et al., 2000; Shore et al., 2006; 
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Wu et al., 2003). Therefore, investigating BMP-mediated gene regulation is 
critical for understanding developmental patterning and cell fate specification, but 
also for understanding the progression and treatment of disease.  
The DV axis is patterned in mice during E5.5-E8.5 (Beddington and 
Robertson, 1999) compared with 4 to 12 hours post fertilization (hpf) in zebrafish 
and Xenopus embryos (De Robertis and Kuroda, 2004; Tucker et al., 2008). 
BMP signaling is essential in the specification of ventral cell fates (Figure 1.2A). 
The BMP ligands that are required during DV patterning are BMP 2, 4, and 7 
(Ben-Haim et al., 2006; Nguyen et al., 1998; Reversade and De Robertis, 2005; 
Schmid et al., 2000; Stickney et al., 2007). In zebrafish, BMP2 and BMP7 are 
covalently linked to form a heterodimer that is required for ventral tissue 
specification (Little and Mullins, 2009). Loss of either bmp2 or bmp7 results in 
complete expansion of dorsal tissue specification across the axis and is 
embryonic lethal (Nguyen et al., 1998; Schmid et al., 2000) (Figure 1.2B).  
In the zebrafish early blastula, bmp2 and bmp7 are uniformly expressed 
across the embryo, but by the onset of gastrulation these transcripts are cleared 
from the dorsal region by factors induced by maternal Wnt and β-catenin 
signaling (Dal-Pra et al., 2006; Dick et al., 2000; Langdon and Mullins, 2011; 
Ramel and Hill, 2013). Signals emanating from the dorsal organizer activate the 
expression of the BMP antagonists: chordin, noggin, and follistatin (Fürthauer et 
al., 1999; Schulte-Merker et al., 1997; Stachel et al., 1993). These antagonists 
create and shape the gradient of BMP signaling activity across the DV axis, 
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which is highest on the ventral side of the embryo and lowest on the dorsal side 
(Figure 1.2A).  
Figure 1.2 BMP patterns the dorsal-ventral axis in zebrafish. (A) Schematic 
of the fate map of the early zebrafish gastrula at 6 hours post fertilization (hpf). 
The BMP morphogen gradient specifies the cell fates that arise on the ventral 
side of the embryo. BMP signaling is inhibited by dorsally expressed antagonists 
Chordin (Chd), Noggin (Nog), and Follistatin (Fst). The ventral side is to the left. 
(B) A wild-type and bmp7 mutant zebrafish embryo at 12 hpf. Loss of BMP 
signaling results in loss of all ventrally derived tissues and expansion of dorsal 
somites around the entire embryo. Photo taken by James Dutko. 
Different levels of BMP activity specify the fate and relative abundance of 
ventral tissues. Null mutations of bmp2b in zebrafish eliminate epidermis, 
placodes, neural crest, and ventral mesendoderm and lead to expanded neural 
tissues (Nguyen et al., 1998). When BMP signaling is reduced in hypomorphic 
mutants or by moderate overexpression of chordin, there is loss of epidermal 
markers but an expansion of neural crest and placodal progenitor markers 
(Schumacher et al., 2011). Thus, epidermis is specified by high levels of BMP 
signaling while neural crest and placodal tissues are specified by intermediate 
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levels of BMP signaling. Changing the level of BMP signaling across the embryo 
shifts the position of gene expression patterns.  
1.2.2 BMP signal transduction 
The BMP2/7 heterodimer signals through a heterotetrameric receptor 
complex that is composed of two Type I and two Type II receptors (Armes and 
Smith, 1997; Graff et al., 1994; Shi and Massagué, 2003). The receptor complex 
must contain both Type I receptors, Bmpr1 and Acvr1l, however, the requirement 
of the different Type II receptors in the complex is not known (Little and Mullins, 
2009). The expression of the Type I and Type II receptors is uniform across the 
DV axis of the zebrafish embryo (Hild et al., 1999). Once the BMP ligand binds to 
the complex, the Type II receptors phosphorylate the Type I receptors that in turn 
phosphorylate the Ser-X-Ser motif in the carboxy-terminus of Receptor-activated 
Smad (R-Smad) transcription factors (Massagué, 2012). Five of the 8 Smads 
found in vertebrates are R-Smads. Smad2 and Smad3 are activated by Nodal, 
Activin and TGF-β, while Smad1, 5, and 9 are activated by BMP and growth and 
differentiation factors (GDFs) (Miyazawa et al., 2002) (Figure 1.3A). Smad2, 4, 
and 5 are maternally provided in the zebrafish, and Smad5 subsequently induces 
expression of Smad1 and 9 during gastrulation (Wei et al., 2014). All R-Smads 
share highly conserved Mad Homology 1 (MH1) and Mad Homology 2 (MH2) 
domains at the animo-terminus and carboxy-terminus respectively (Chaikuad and 
Bullock, 2016) (Figure 1.3B). The sequence between the MH1 and MH2 
domains is called the linker region that is highly variable between Smads.  
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Phosphorylated Smad (pSmad) forms homo- and heterotrimeric 
complexes with Smad4, a co-Smad that is shared with all R-Smads (Chacko et 
al., 2004; Qin et al., 2001) (Figure 1.3A). Activation of R-Smads is blocked by 
the Inhibitory Smads (I-Smad), Smad6 and Smad7 (Miyazawa and Miyazono, 
2017) (Figure 1.3A). The I-Smads bind to the Type I receptor or Smad4 and 
block interaction with R-Smads. The activated Smad complex translocates into 
the nucleus where it accumulates (Massagué, 2012). Nuclear phosphatases, 
such as SCP2/Os4 in Xenopus, PDP in Drosophila, and PPM1A in zebrafish 
target BMP activated Smads for dephosphorylation of the C-terminus and result 
in the shuttling of the activated Smad complex out of the nucleus (Chen et al., 
2006; Knockaert et al., 2006; Lin et al., 2006). Recycling and nuclear shuttling of 
Smads out of the nucleus is critical for the cells’ ability to sense changing BMP 
levels.  
1.2.3 Post-translational regulation of Smad transcription factors 
Regulation of post-translational modification of sites within the linker 
region and N-terminal region of Smads provide additional layers of regulation of 
TGF-β signaling and is a source of integration with other signaling pathways. 
Because the linker regions are variable between Smads, post-translational 
modification of sites within this region are thought to provide pathway-specific 
regulation. The linker region of Smad1, 5, and 9 contains multiple 
phosphorylation sites for MAPK (4 PxSP motifs) and GSK-3β (2 S/TxxxS motifs) 
and a site for ubiquitination by Smurf ubiquitin ligases (PPXY motifs) (Sapkota et 
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al., 2007) (Figure 1.3B). Phosphorylation of different sites within the linker region 
may induce conformational changes of Smad affecting the interaction with other 
proteins and DNA binding (Sapkota et al., 2007). In human cell lines 
(Kretzschmar et al., 1997), mouse (Aubin et al., 2004), and Xenopus embryos 
(Pera et al., 2003) phosphorylation of the linker region by MAPK leads to a 
decrease in Smad1 activity. FGF and IGF induces MAPK to phosphorylate 
Smad1 thereby inhibiting BMP signaling activity. Elimination of MAPK 
phosphorylation sites increases Smad1 potency resulting in strongly ventralized 
embryos and increased expression of the BMP target gene sizzled, while not 
increasing Smad1 protein levels (Pera et al., 2003).  
Wnt signaling inhibits GSK-3β mediated linker phosphorylation and GSK-
3β inhibition is required for epidermal differentiation by BMP signaling 
(Fuentealba et al., 2007) (Figure 1.3B). CDK8/9 was also found to phosphorylate 
the linker region of Smad1 and phosphorylation of these sites induces the 
recruitment of Yap, the Hippo pathway effector in mouse embryonic stem cells 
(mESCS). Hippo signaling enhances BMP-mediated transcription and the 
suppression of neuronal fates in mESCs (Alarcón et al., 2009). Phosphorylation 
by both GSK-3β and CDK8/9 allows the PPXY motif within the Smad linker 
region to be recognized by Smad ubiquitin regulatory factor (Smurf1/2), an E3 
ubiquitin ligase and leads to proteome-mediated degradation (Alarcón et al., 
2009; Aragón et al., 2011) (Figure 1.3B). Smurf1 specifically targets the BMP-
responsive Smad1 and Smad5 (Zhu et al., 1999), while Smurf2 does not display 
10 
 
pathway specificity (Zhang et al., 2001). Smurf1 mutations in Drosophila lead to 
expansion of the DPP gradient and expanded domains of DPP target genes 
(Podos et al., 2001). However, Smurf1 knockouts in mice did not display 
developmental defects (Yamashita et al., 2005), but did have increased bone 
mass and osteoblast activity, indicating increased BMP signaling activity.  
Figure 1.3 Regulation of Smad transcription factors. (A) Model of TGF-β 
signal transduction. R-Smad activation is inhibited by I-Smads. Activated R-
Smads complex with Smad4 to enter the nucleus. Nuclear phosphatases 
dephosphorylate R-Smad-Smad4 complexes and inhibit signaling activity. (B) 
Schematic of Smad1 domains and motifs for posttranslational modification. The 
MH1 domain is conserved between R-Smads and Smad4 and contains the DNA-
binding β-hairpin. The variable linker region is targeted by kinases (GSK-3β, 
CDK8/9, and MAPK) and ubiquitin ligases (Smurf). Motifs for phosphorylation 
and ubiquitination are indicated. The MH2 domain is conserved between all 
Smads and contains the domain that mediates association with the Type I 
receptor and SXS motif phosphorylated by the Type I receptor in response to 
BMP signaling.  
 
Posttranslational modifications of Smad5 are essential for integration of 
BMP, FGF and Wnt to coordinate DV and AP patterning in zebrafish (Hashiguchi 
and Mullins, 2013). Both the AP and DV axis are patterned progressively from 
anterior to posterior (Hashiguchi and Mullins, 2013; Stern et al., 2006; Tucker et 
al., 2008). Inhibiting either FGF signaling or Wnt signaling expands the 
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expression of markers for anterior cell fates and modulates the temporal 
patterning of DV tissues. Marginal FGF and Wnt signaling restricts GSK-3β 
phosphorylated Smad1/5 to the ventral animal region of the embryo and MAPK 
phosphorylated Smad1/5 to the ventral margin. Mutations in the MAPK 
phosphorylation sites within the Smad1 linker region results in patterning of the 
DV tissues 30 minutes earlier than normal. This suggests that Smad inhibition by 
FGF signaling temporally regulates DV tissue patterning during gastrulation and 
allow cells to adopt both AP and DV identities simultaneously (Hashiguchi and 
Mullins, 2013). 
1.3 Transcriptional regulation by Smads 
1.3.1 Smad interaction with DNA 
 The co-Smad4 and all of the R-Smads, except for Smad2, bind directly to 
DNA (Massague et al., 2005). Smads bind to DNA through a highly conserved 
11-residue β-hairpin loop in the MH1 domain (Figure 1.3B). Crystal structures of 
Smad1 and Smad3 MH1 domains revealed direct binding to a minimal 4 base 
pair sequences GTCT or AGAC (BabuRajendran et al., 2010; Shi et al., 1998b). 
This is consistent with the consensus Smad-binding element (SBE) identified by 
PCR-based screening of random sequences (Zawel et al., 1998). The Smad3 
MH1 domain binds DNA with relatively weak affinity, 1.14 X 10-7 M (Shi et al., 
1998b). Palindromic repeats of the SBE have been found within the regulatory 
region of Nodal, Activin, and TGF-β target genes by chromatin-
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immunoprecipitation (ChIP)-sequencing or promoter sequence analysis (Dennler 
et al., 1998; Liu et al., 2011; Wong et al., 1999).  
While the DNA-contact amino acids are invariant between Smad1 and 
Smad3, the MH1 domain of Smad1 preferentially binds to a GC-rich sequence 
(GCCGnCGC) that was first identified in Drosophila (Kim et al., 1997) and 
subsequently found at the regulatory region of BMP target genes identified in 
mammals, Xenopus, and zebrafish (Brugger et al., 2004; Collery and Link, 2011; 
Ishida et al., 2000; Karaulanov et al., 2004; Morikawa et al., 2011). The crystal 
structure of the Smad1 MH1 domain bound to the SBE displayed a rearranged 
DNA contact interface compared to the Smad3 MH1 domain and results in fewer 
interactions with the phosphate backbone (BabuRajendran et al., 2010). The 
reduction of contact sites between Smad1 and DNA further reduced the overall 
affinity to DNA compared to Smad3.  
Comparison of Smad3 and Smad5 MH1 domains binding to palindromic 
SBE or GC-rich sequences confirmed that while Smad3 MH1 binds additively to 
both the SBE and GC-rich motifs, Smad5 MH1 dimerized cooperatively on the 
palindromic sequences (Chai et al., 2015). Smad5 MH1 displayed stronger 
cooperative binding to the GC-rich sequence than the SBE where it formed a 
constitutive dimer on the GC-rich palindrome sequence.  The crystal structures of 
both Smad1 and Smad5 MH1 domains displayed a less compacted confirmation 
and more “open” structure compared to Smad3 MH1 allowing for the potential to 
homodimerize on DNA (BabuRajendran et al., 2010; Chai et al., 2015). Together, 
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comparing the structure of MH1 domains of different Smads bound to DNA 
revealed that BMP-responsive Smads bind DNA in a different mode than Smads 
activated by other TGF-β signaling and may underlie differences in the 
transcriptional response. 
Comparison of genome-wide analyses of Smad binding sites between 
different cells types has revealed how TGF-β signaling can elicit cell-type specific 
responses. ChIP-seq of Smad1/5 in endothelial cells (ECs) and pulmonary 
arterial smooth muscle cells (PASMCs) identified binding sites within enhancer 
regions of target genes and was associated with the upregulation of target gene 
expression (Morikawa et al., 2011). Approximately 20% of Smad1/5 binding sites 
overlapped between ECs and PASMCs and differences in the binding patterning 
between the two cell types were proposed to be determined by differences in 
chromatin accessibility. Genome-wide mapping of Smad3 binding sites in 
embryonic stem cells (ESCs), myotubes, and pro-B cells identified that unique 
association with transcription factors directed cell-type specific binding (Mullen et 
al., 2011). Smad3 interacts with Oct4 in ESCs, Myod1 in Myotubes, and PU.1 in 
pro-B cells. Ectopic expression of Myod1 in ESCs redirected Smad3 to new sites 
occupied by Myod1, highlighting the importance of interaction with cofactors for 
Smads targeting of specific DNA sequences. 
1.3.2 Smad association with cofactors 
Interaction with additional DNA binding transcription factors is crucial for 
Smads to increase their affinity and specificity for target gene regulatory 
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sequence.  The cooperation between Smads with other transcription factors 
allows Smads to have relatively low DNA binding sequence specificity, binding 
only 3 or 4 base pairs, while achieving specific responses to a wide range of 
signals. The first Smad-interacting transcription factor identified is Foxh1 in 
Xenopus (Chen et al., 1996). Foxh1 is required for the Smad2-Smad4 complex 
binding of the activin-response element of the Nodal target gene mix.2. Zebrafish 
and Xenopus embryos deficient for Foxh1 display a reduction in Nodal signaling 
and loss of the organizer and axial mesendoderm structures (Sirotkin et al., 
2000; Slagle et al., 2011). However, the Foxh1 loss of function phenotype in 
zebrafish is less serve than the Nodal mutant phenotype suggesting additional 
Smad2 interacting cofactors (Kunwar et al., 2003). Cofactor association has also 
been found to induce transcriptional repression. Smad3 was found to form a 
complex with Snail1 to inhibit expression of genes driving the epithelial-to-
mesenchymal transition in breast epithelial cells (Vincent et al., 2009). 
While many cofactors of Smad2/3 have been identified, only a few 
endogenous interactions between BMP responsive Smads and cofactors have 
been identified in vivo. The Smad1 homolog in Drosophila, Mad interacts with the 
transcriptional repressor Schnurri (Arora et al., 1995). The Mad-Schnurri complex 
binds to a well characterized site (GGCGCC-AN4-GNCV) to repress brinker 
expression (Pyrowolakis et al., 2004). The Schnurri homlog in vertebrates was 
found to have an activating role in transcriptional regulation with BMP activated 
Smads (Yao et al., 2006). Another transcription factor that interacts with BMP 
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activated Smads is Oct4. ChIP-seq of Smad1 in mouse ESCs has uncovered the 
Oct4 sequence-binding motif enriched in Smad1 binding sites and depletion of 
Oct4 led to reduced Smad1 binding (Morikawa et al., 2011). Maternal-zygotic 
mutants for the zebrafish homolog of Oct4, Pou5f3 have DV patterning defects 
and lack p63 expression, a BMP target gene (Belting et al., 2011). This suggests 
that pSmad1/5 and Oct4/Pou5f3 may cooperate to induce ventral gene 
expression during DV patterning. Similarly, cooperativity between Smad5 and 
Sox5 was found to be required for neural crest specification and msx1 
expression in Xenopus (Nordin and LaBonne, 2014).  
1.3.3 Chromatin remodeling by Smads 
In addition to sequence-specific DNA-binding transcription factors, Smad 
proteins have been found to interact with coregulators that can modify chromatin 
structure. Smad1, 3, and 4 bind to the histone acetyl transferase (HAT) p300 
(Feng et al., 1998; Pouponnot et al., 1998). HATs activate transcription by 
acetylating specific lysine residues on histones (Ogryzko et al., 1996). 
Interestingly, association of p300 is essential for Smad2-mediated transcription, 
and this suggests that chromatin remodeling is required for Smad transcriptional 
activation (Hill, 2016; Ross et al., 2006). Both Smad1/5 and Smad2/3 can recruit 
histone demethylase, KDM6B to remove the repressive mark histone H3 lysine-
27 trimethylation (H3K27me3) in mESCs (Akizu et al., 2010; Dahle et al., 2010). 
Recruitment of the histone demethylase by Smad1/5 and Smad2/3 results in a 
loss of H3K27me3 at the Noggin and Nodal promoters, respectively, thereby 
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counteracting Polycomb repression. Smads repress transcription via recruitment 
of transcriptional corepressors that remove activating histone acetylation or 
induce repressive histone marks. Smad proteins can recruit the histone 
deacetylases (HDACs) directly, such as Smad3 recruitment of HDAC4/5 (Kang et 
al., 2005), or indirectly through other corepressors (Wotton et al., 1999).  
1.4 Mechanisms of BMP morphogen gradient interpretation 
Understanding how graded morphogen signaling is transformed into gene 
expression programs is essential to determine how these signals correctly 
pattern cell specification during development. The mechanism of gene regulation 
by a morphogen must translate small differences in morphogen signaling into 
discrete changes in gene expression. The patterning of gene expression in time 
and space depends on how the graded information is interpreted. Different 
morphogen gradients have been proposed to be translated by: i) the steady state 
amount of morphogen signaling, ii) the steepness of the gradient, or iii) the total 
amount of signaling a cell is exposed to over time. Here we explore how 
gradients of BMP signaling are interpreted to pattern gene expression within 
developing tissues.  
1.4.1 Concentration-dependent gene regulation 
The first extracellular signaling molecule found to behave as a morphogen 
was the TGF-β family member, Activin (Green and Smith, 1990). Disassociated 
cells from the animal cap of Xenopus embryos responded in a concentration-
dependent manner to Activin. Different doses of Activin were found to induce five 
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different cell states in Xenopus explants within 2 hours of exposure (Green et al., 
1992; Gurdon et al., 1995). Xenopus cells express low (Xbra ) and high threshold 
(Xgsc) target genes in response to absolute receptor occupancy, 100 and 300 
receptors per cell, respectively, and the response does not depend on the ratio of 
bound to unbound receptors (Dyson and Gurdon, 1998).  Similarly, Xenopus 
animal cap explants were found to respond to BMP4 in a concentration-
dependent manner (Wilson et al., 1997). Different concentrations of Smad1 were 
able to recapitulate the graded activity of BMP4. The BMP Drosophila homolog, 
Decapentaplegic (Dpp) gradient specifies three thresholds of gene expression in 
the dorsal ectoderm (Ashe et al., 2000). Modulating the gene dose of dpp alters 
the position of target gene expression.  
Recent development of human and mouse in vitro stem cell models has 
allowed for the study of morphogen patterning within simplified mammalian 
systems. Incubation of mouse and human stem cells grown in circular colonies 
with BMP4 for 42 hours results in the discrete radial patterning of markers 
associated with the three germ layers (Morgani et al., 2018; Warmflash et al., 
2014). Although BMP4 is added uniformly to the micropatterned colonies, 
expression of Noggin at the center of the colony is thought to form the BMP 
signaling activity gradient. The response of micropatterned colonies of human 
embryonic stem cells to BMP4 was concentration dependent, while the response 
to Nodal depended on the rate of concentration change (Heemskerk et al., 2019). 
BMP4 was also able to specify two cell fates within the dorsal telencephalic 
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midline at different concentrations in mouse embryonic stem cells (Watanabe et 
al., 2016).  
Differences in transcription factor binding site affinity at the regulatory 
region of target genes have been proposed to underly concentration-dependent 
transcriptional regulation (Ashe and Briscoe, 2006). In this model, low threshold 
target genes would be regulated by high affinity cis-regulatory elements, while 
high threshold targets regulated by lower affinity elements (Figure 1.4A). 
Consistent with this model, the enhancer for a high threshold Dpp target gene 
Race contains a low affinity binding site for Mad (Wharton et al., 2004). 
Increasing the affinity of the Mad binding sites in the Race enhancer increases 
the expression domain, essentially lowering the threshold required for 
expression.  
However, differences in DNA-binding affinities alone cannot predict 
expression domains patterned by other morphogens, such as Bicoid (Ochoa-
Espinosa et al., 2005). Furthermore, a subset of target genes remain correctly 
positioned even when the Bicoid gradient is flattened (Ochoa-Espinosa et al., 
2009). Reading out of concentration thresholds has also been found to depend 
on chromatin accessibility and Bcd-mediated chromatin remodeling (Hannon et 
al., 2017). High threshold target genes are inaccessible to low levels of Bcd at 
the posterior nuclei (Figure 1.4B). Proper positioning of target gene expression 
by Bcd has been found to rely on the integration of repressive signaling inputs in 
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combination with binding site affinity (Dunipace et al., 2011; Löhr et al., 2009; 
Reeves and Stathopoulos, 2009) (Figure 1.4C).  
Figure 1.4 Mechanisms of concentration-dependent gene expression. (A) 
Target genes have different binding site affinity for the transcriptional effector 
within the cis-regulatory element. Target genes that can be activated by low 
levels of a morphogen contain high affinity elements. Genes that require high 
levels of signal have low affinity elements. (B) Target genes activated by different 
morphogen levels have different chromatin confirmation. Genes activated by 
lower levels of signal have more accessible binding sites than high threshold 
genes. High levels of morphogen may open chromatin directly or through 
recruitment of chromatin modifying enzymes. (C) Repressive interactions with 
other inputs can establish discrete expression domains. 
20 
 
Recently, spatially distinct BMP target genes in the Drosophila embryo 
have been found to have different transcriptional bursting frequencies (Hoppe et 
al., 2020). The transcriptional bursts for a high threshold target gene hnt were 
more frequent and shorter than the transcriptional bursts of a lower threshold 
target gene ush. The differences in burst frequency were modulated by 
differences in kon of the enhancer. Low levels of BMP signaling activity are 
unable to maintain an active promoter state for hnt and result in the narrower 
domain of expression. Differences in transcriptional burst kinetics are an exciting 
mechanism that may underlie concentration-dependent gene regulation within 
other systems and for other morphogens.  
1.4.2 Temporal signal integration 
Studies of morphogen interpretation have increasingly found signal 
duration playing a role in target gene patterning (Economou and Hill, 2020). 
Sonic Hedgehog (Shh) is one of the best studied morphogens that encodes 
positional information based on signal duration in specifying the digit identities in 
the limb bud and DV patterning of the chick neural tube (Dessaud et al., 2007; 
Harfe et al., 2004). In the neural tube, Shh is produced at the ventral midline and 
specifies the ventral neural progenitor domains: the p3 domain marked by 
Nkx2.2, pMN domain marked by Olig2, and the p2 domain marked by Pax6 
(Briscoe and Small, 2015). However, the neural progenitor domains do not 
correlate with absolute concentration of Gli activity, the downstream effector of 
Shh (Balaskas et al., 2012). Instead, the progenitor domains are established 
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sequentially with “high threshold” domains requiring longer durations of signaling 
(Dessaud et al., 2007).     
Cells in the neural tube become progressively “desensitized” to Shh 
signaling over time after extended signal exposure (Ribes et al., 2010). The 
desensitization of cells to Shh occurs through negative feedback via the 
upregulation of the receptor Patched (Ptc) which inhibits signaling (Marigo and 
Tabin, 1996). At the onset of patterning, cells closest to the source remain 
sensitive to Shh signaling and can immediately activate olig2 expression, the 
motor neuron marker. However, these cells cannot express the interneuron 
maker nkx2.2 because its expression is inhibited by Pax6. Over time Olig2 
accumulates and in turn represses pax6 expression removing the nkx2.2 
inhibition, but due to the temporal adaptation, cells are less sensitive to Shh and 
require higher levels of signal to induce nkx2.2 expression (Dessaud et al., 
2010). Thus the temporal adaption in combination with a gene regulatory network 
allows cells to integrate Shh signaling level and duration to pattern the neural 
tube (Balaskas et al., 2012; Zagorski et al., 2017).  
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Figure 1.5 Duration-dependent patterning of the neural tube by Shh. Binding 
of the Shh ligand to the transmembrane receptor Ptch relieves repression of 
another transmembrane protein Smo. De-repression of Smo initiates the signal 
transduction that activates the transcriptional effector Gli which regulates 
transcription activity. Shh activates Ptch expression generating a negative 
feedback loop. Shh is produced from the floor plate at the ventral side of the 
neural tube (NT) forming a ventral to dorsal gradient. At the onset of patterning, 
Pax6 is expressed across the entire NT. As the gradient increases over time, 
cells closest to the source of Shh express olig2, but are unable to express nkx2.2 
due to inhibition by Pax6. Olig2 then negatively regulates pax6 expression, 
releasing repression of nkx2.2. Because of the negative feedback loop of Ptch 
activation by Shh, cells closest to the source become desensitized to Shh 
signaling over time. Therefore, higher levels of Shh signaling are required to 
activate expression of nkx2.2.  
 Mechanisms other than gene regulatory networks have been found to 
underlie duration-dependent patterning. Differences in the transcriptional kinetics 
of target gene induction by Nodal signaling have been proposed to pattern gene 
expression in the zebrafish embryo (Dubrulle et al., 2015). Distinct levels of 
nuclear Smad2 did not correlate with the boundaries of target gene expression. 
Instead, exposing cells to high levels of Nodal signaling for 1 hour was sufficient 
to activate the expression of a long-range gene ntl, but insufficient for expression 
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of the short-range gene gsc. The expression of gsc requires 2 hours of Nodal 
exposure and the difference in the signal duration requirement could be 
explained by differences in the transcription rate of the two genes.  
Differences in signal duration have been proposed to pattern BMP target 
genes. In chick ectodermal explants, BMP signaling is required for olfactory and 
lens placodal cell differentiation (Sjödal et al., 2007). Different concentration of 
BMP4 (10-50 ng/ml) did not affect the relative proportion of these cell types 
specified. However, markers for olfactory placodal cells are expressed after 12-
15 hours of BMP4 exposure, while lens cell markers require 30 hours of BMP4 
exposure. Differences in BMP signal duration (1 and 24 hours) has also been 
found to specify different dorsal interneuron subtypes in chick explants (Tozer et 
al., 2013) and mouse spinal organoids (Duval et al., 2019). While the 
mechanisms of how genes respond to different durations of BMP signaling are 
currently not known, because of the prolonged patterning, it is speculated that a 
transcriptional network downstream of BMP underlies the duration-dependent 
morphogen interpretation in the neural tube (Tozer et al., 2013).   
1.4.3 Temporal signaling windows 
Studies of BMP-mediated patterning have revealed that in addition to the 
importance of signal duration, the timing of when cells are exposed to 
morphogen signal is also essential. In the zebrafish embryo, cells are exposed to 
a gradient of BMP signaling from mid-blastula stages and throughout gastrula 
stages and beyond, from 4 to 12 hours post fertilization (hpf)  (Tucker et al., 
24 
 
2008). However, BMP signaling before the onset of gastrulation at 6 hpf and after 
mid-gastrulation at 8 hpf is not required for DV patterning of the head and 
anterior trunk. Reinitiating expression of Alk8, a BMP receptor, in a maternal-
zygtoic Alk8 mutant using a heat-shock transgene at 6 hpf, completely rescued 
patterning. Loss of BMP signaling after 8 hpf caused dorsalization that was 
restricted to the tail, and embryos are completely wild-type when BMP signaling 
is inhibited after 12 hpf. Together, these data show that head and trunk axial 
tissues are patterned within a 2-hour window from 6 to 8 hpf. Critical temporal 
windows of competency to BMP signaling during patterning were also found in 
the neural tube. A marker for the dorsal interneuron domain dP1, Ath1 requires 
24 hours of BMP signaling for expression at both low (2 ng/ml) or high (8 ng/ml) 
levels of BMP4 (Tozer et al., 2013). Explants that were grown in media for 24 
hours before BMP was added expressed Ath1 6 hours earlier. This may suggest 
that cells are not competent to respond to BMP signaling until a later window of 
time.  
1.4.4 Determining the mechanism of BMP signal interpretation that patterns the 
DV axis of the zebrafish embryo 
 How the gradient of BMP signaling is interpreted during DV axial 
patterning has not been studied in vertebrates. The zebrafish embryo is an 
amenable genetic model to study DV axial patterning. BMP has additional 
functions in earlier embryonic stages of mouse development making the study of 
BMP signaling in DV patterning challenging. The development of a novel 
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quantitative imaging assay by the Mullins lab has enabled refined measurements 
of spatially graded pSmad5 levels across the entire zebrafish embryo at a single 
cell resolution (Zinski et al., 2017; Zinski et al., 2019). This assay allows us to 
investigate how the pSmad5 gradient patterns gene expression domains that will 
give rise to different ventral cell fates. Gradients of BMP signaling have been 
proposed to pattern gene expression by different mechanisms in different 
contexts. Differences in BMP signal concentration (Heemskerk et al., 2019; 
Watanabe et al., 2016), signal duration (Tozer et al., 2013), gradient slope 
(Rogulja and Irvine, 2005) have been suggested to provide positional information 
during tissue patterning. The focus of this dissertation is to distinguish between 
these different models of BMP morphogen interpretation during DV axial 
patterning. By modulating the BMP gradient slope, signaling duration, and 
signaling level within the embryo, we can decipher how cells interpret the BMP 
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Bone Morphogenetic Protein (BMP) patterns the dorsoventral (DV) embryonic 
axis in all vertebrates, but it is unknown how cells along the DV axis interpret and 
translate the gradient of BMP signaling into differential gene activation to specify 
distinct cell fates. To determine the mechanism of BMP morphogen interpretation 
in the zebrafish gastrula, we identified 57 genes that are directly activated by 
BMP signaling. By using Seurat analysis of single-cell RNA-seq data, we found 
that these genes are expressed in at least three distinct DV domains of the 
embryo. We distinguished between three models of BMP signal interpretation in 
which cells activate distinct gene expression through interpretation of thresholds 
of: 1. the BMP signaling gradient slope, 2. BMP signal duration, or 3. the level of 
BMP signal activation.  We tested these three models using quantitative 
measurements of phospho-Smad5 and by examining the spatial relationship 
between BMP signaling and activation of different target genes at single cell 
resolution across the embryo. We found that BMP signaling gradient slope or 
BMP exposure duration did not account for the differential target gene expression 
domains. Instead we show that cells respond to three distinct levels of BMP 
signaling activity to activate and position target gene expression. Together, we 
demonstrate that distinct phospho-Smad5 threshold levels activate spatially-




During embryonic patterning, the molecular identity of unspecified cells is 
determined by the location of each cell within the embryo (Wolpert, 1969). 
Thereby, a cell’s position becomes translated into a specific cell fate. This 
positional information is provided by gradients of secreted signaling molecules 
called morphogens, which induce the specification of multiple cell fates (Ashe 
and Briscoe, 2006; Briscoe and Small, 2015; Rogers and Schier, 2011; Sagner 
and Briscoe, 2017). The genetic programs underlying different cell fates are 
activated in distinct regions of tissue within the morphogen gradient. The proper 
position of gene expression boundaries is essential during development because 
these domains determine the differentiation and relative abundance of distinct 
cell types. A fundamental question in developmental biology is how a graded 
morphogen signal is translated into discrete gene expression domains to specify 
cell fate. 
Multiple mechanisms have been proposed for how morphogen gradients 
provide positional information to pattern a tissue. Cells in different positions along 
the gradient may respond to: 1) different signaling concentrations, 2) different 
lengths of signal exposure, or 3) different spatial slopes of the signaling gradient. 
There is evidence that cells can read out each of these aspects of a morphogen 
gradient to activate different genes in different contexts. For example, the Bicoid 
transcription factor morphogen gradient activates target genes through different 
concentration thresholds to pattern the anterior-posterior (AP) axis of Drosophila 
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(Hannon et al., 2017; Huang et al., 2017). In contrast, the duration of Sonic 
Hedgehog (Shh) ligand exposure has been shown to pattern gene expression in 
the vertebrate neural tube and in the limb bud (Dessaud et al., 2007; Harfe et al., 
2004). There is conflicting evidence for the mechanism of Bone Morphogenetic 
Protein (BMP) morphogen interpretation. Both the duration of BMP signaling 
(Tozer et al., 2013) and different BMP ligands (Andrews et al., 2017) have been 
suggested as mechanisms responsible for establishing dorsal interneuron 
identities in the neural tube, while BMP has been shown to pattern gene 
expression in a concentration-dependent manner in human and mouse 
embryonic stem cells (Heemskerk et al., 2019; Watanabe et al., 2016). While in 
Drosophila, there is evidence that cells read out the spatial slope of the Dpp (the 
BMP homolog) gradient to regulate cell proliferation in the imaginal wing disc 
(Rogulja and Irvine, 2005). Dpp signaling was shown to regulate the activity of 
the intercellular Fat signaling pathway, allowing cells to sense differences in 
signaling activity between neighboring cells (Rogulja et al., 2008).  
A BMP morphogen signaling gradient is required early in embryonic 
development to pattern the dorsal-ventral (DV) embryonic axis in vertebrates and 
invertebrates (Bier and De Robertis, 2015; Tuazon and Mullins, 2015; Zinski et 
al., 2018). Despite its fundamental role to pattern tissues along the DV axis in all 
metazoans, the mechanism by which the BMP signaling gradient is interpreted 
into positional information and multiple cell fates along the axis is not known. In 
zebrafish, loss of BMP signaling eliminates epidermis, placodes, neural crest, 
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and ventral mesendoderm and leads to a massive expansion of neural tissues 
(Mullins et al., 1996; Nguyen et al., 1998; Schmid et al., 2000). A gradient of 
BMP2/7 signaling activity across the embryo forms during gastrulation, with the 
highest level of signaling ventrally and the lowest levels dorsally (Tucker et al., 
2008; Zinski et al., 2017). This signaling gradient is transduced through a 
heterotetrameric receptor complex that phosphorylates and activates the 
transcription factor, Smad5 (Little and Mullins, 2009). BMP signaling activity is 
thus interpreted by cells through nuclear accumulation of phosphorylated Smad5 
(pSmad5) to specify different ventral cell fates (Kramer et al., 2002). pSmad5 in 
complex with co-Smad4 in turn activates gene expression (Massague et al., 
2005; Schmierer and Hill, 2007).  
Changing the level of BMP signaling across the embryo shifts the position 
and relative proportion of ventral cell fates, demonstrating that the gradient shape 
is important for patterning (Neave et al., 1997; Nguyen et al., 1998; Nguyen et 
al., 2000; Schumacher et al., 2011; Tribulo et al., 2003; Wagner and Mullins, 
2002). The shape of the BMP signaling gradient depends on the extracellular 
antagonist Chordin, which binds the BMP ligand and blocks signaling in the 
dorsal region of the embryo (Piccolo et al., 1996; Schumacher et al., 2011; Troilo 
et al., 2014; Tuazon et al., 2020; Zinski et al., 2017). The BMP signaling gradient 
is dynamic during late-blastula to mid-gastrula stages, thus pSmad5 nuclear 
levels differ across the embryo both in space and time (Tucker et al., 2008; Zinski 
et al., 2017).  However, it remains unknown if gradient shape or gradient 
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dynamics play a role in positioning gene expression domains that specify ventral 
cell fates along the DV axis.  
Here we investigated the mechanism by which BMP signaling provides 
positional information to cells across the DV embryonic axis. We identified 
greater than 50 genes that directly read out the BMP signaling gradient to specify 
distinct ventral-lateral cell fates along the DV axis. We tested three prominent 
mechanisms of morphogen gradient interpretation: interpretation by signaling 
gradient slope, by BMP signal duration, and by signaling gradient concentration 
thresholds. By using quantitative measurements of pSmad5 in all nuclei of the 
embryo to investigate the spatial relationship between BMP signaling activity 
levels and the activation of different target genes, we eliminated BMP gradient 
slope and BMP signal duration as mechanisms positioning target gene 
expression.  We determined that cells respond to at least three distinct levels of 
pSmad5 to activate different target genes, and these threshold levels of pSmad5 
can precisely position gene expression boundaries in the embryo.  
2.2 Results 
2.2.1 Identification of target genes directly patterned by the BMP gradient 
BMP signaling is essential for ventral tissue specification, but it remains 
unknown how graded BMP signaling is interpreted by cells of the embryo to 
generate the distinct gene expression domains that pattern the DV axis. Only a 
limited number of genes directly regulated by BMP signaling have been identified 
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in the zebrafish gastrula. To identify the genes responding to the BMP gradient, 
we determined which genes are directly activated by pSmad5 from all BMP-
dependent gene expression during gastrulation. BMP-dependent gene 
expression was determined by performing RNA-sequencing (RNA-seq) on wild-
type and bmp7 mutant embryos (bmp7asb1aub) at two time points when the BMP 
signaling gradient patterns ventral tissues: early- (shield) and mid-gastrula (70% 
epiboly) stages (Hashiguchi and Mullins, 2013; Kwon et al., 2010; Tucker et al., 
2008). All ventral tissue specification is absent in bmp7 mutants and activation of 
Smad5 is abolished (Figure 2.1A and 2.2A-B) (Dick et al., 2000; Nguyen et al., 
1998; Schmid et al., 2000). We identified 1559 genes that were differentially 
expressed (FDR < 0.05) in bmp7 mutant compared to wild-type embryos at an 
early-gastrula stage (Figure 2.2C) and 852 genes that were differentially 
expressed at mid-gastrulation. (Figure 2.1B). Most differentially-expressed 
genes were downregulated in bmp7 mutants compared to wild-type embryos at 
both early- and mid-gastrula stages, including many known markers of ventral 
tissues reflecting a loss of ventral cell fates (Figure 2.1B and 2.2C).  
To identify the subset of BMP-dependent genes that are directly regulated 
by BMP signaling, we treated bmp7 mutant embryos at 4 hours post fertilization 
(hpf) with cycloheximide (CHX), a translation inhibitor, and then injected BMP2/7 
recombinant protein into the intercellular space of the blastula (Figure 2.1C). 
First, we chose 4 hpf because the zygotic genome has been activated by this 
timepoint (Lee et al., 2013; Schier and Talbot, 2005; Vastenhouw et al., 2010), 
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but the DV axis has yet to be patterned and all cells of the embryo remain 
competent to respond to BMP signaling (Tucker et al., 2008). Second, translation 
was inhibited with CHX to prevent the expression of secondary targets but not 
direct targets of BMP signaling. Finally, embryos were injected with BMP2/7 
protein to activate BMP signaling and induce robust phosphorylation of Smad5 in 
bmp7 mutant embryos (Figure 2.1D).  
Total RNA was isolated 1.5 hours post injection from bmp7 mutant 
embryos treated with CHX with or without BMP2/7 protein injection for RNA-seq 
analysis. We identified 363 genes that were differentially expressed (FDR < 0.05) 
in embryos injected with BMP2/7 protein (Figure 2.1E).  In BMP2/7 injected and 
CHX treated embryos, a known direct target of BMP signaling, foxi1 (Hans et al., 
2007), was confirmed to be expressed by in situ hybridization 1.5 hours after 
injection (Figure 2.2D). We compared the 274 genes that were upregulated by 
BMP signaling after CHX treatment to the genes that were BMP-dependent 
during gastrulation. We found 57 genes that are both directly upregulated by 
BMP signaling and endogenously expressed during gastrulation when ventral 
tissues are specified (Table 1). Gene Ontology (GO) analysis of the 57 target 
genes found enrichment of terms for cell fate specification and tissue 
differentiation (Figure 2.1F). The BMP target genes were also enriched for GO 
terms for DNA-binding transcription factor activity (Figure 2.2E), which together 
are consistent with roles in specifying ventral cell fates. Fifteen genes were found 
to be both downregulated by BMP signaling after CHX treatment and 
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downregulated in wild-type embryos compared to bmp7 mutants indicating that 
pSmad5 can directly inhibit gene expression (Table 2). There is evidence that 
BMP-activated Smad transcription factors directly repress transcription via 
recruitment of repressors and chromatin modifiers (Blitz and Cho, 2009; 
Pyrowolakis et al., 2004; Stevens et al., 2017). Ten of these downregulated 
target genes are known to be expressed within dorsal ectodermal tissue, which is 
consistent with a role in direct downregulation by BMP signaling (Cechmanek 
and McFarlane, 2017; Ceinos et al., 2013; Goudevenou et al., 2011; Lee et al., 
2014; Lyons et al., 2010; Rinner et al., 2005; Sarmah and Wente, 2010; Webb et 
al., 2011; Yamakawa et al., 2018; Zinski et al., 2017). Thus, we identified genes 
that directly read out the BMP signaling gradient to initiate the genetic cascade 
that specifies different ventral cell fates (Bhat et al., 2013; Hans et al., 2007; 
Kwon et al., 2010; Mills et al., 1999; Santos-Pereira et al., 2019). We now have a 




Figure 2.1 Direct targets of BMP signaling in DV axial patterning (A) Animal 
view, dorsal to right of mean pSmad5 intensities at mid-gastrula stage (8 hpf) 
wild-type (n=4) and bmp7 mutant (n=3) embryos. A.U. is arbitrary units. (B) 
Differential gene expression in wild-type and bmp7 mutants at 8 hpf using RNA-
seq. Significantly upregulated genes in wild-type compared to bmp7 mutants are 
shown in red, significantly downregulated genes are shown in blue. All other 
genes shown in gray. A subset of known BMP-dependent genes is highlighted. 
(C) Schematic of method to isolate RNA for sequencing from cycloheximide 
(CHX) treated bmp7 mutant embryos injected with BMP2/7 protein. (D) 
36 
 
Representative image of pSmad5 intensities of all nuclei of an individual bmp7 
mutant and bmp7 mutant injected with 10 pg of BMP2/7 protein. Animal pole 
facing up. A.U. is arbitrary units. (E) Differential gene expression using RNA-seq 
of CHX-treated bmp7 mutants versus CHX-treated bmp7 mutants injected with 
BMP2/7 protein. Significantly upregulated genes with BMP2/7 protein injection 
are shown in red, significantly downregulated genes are shown in blue. All other 
genes are shown in gray. A subset of BMP direct target genes is highlighted. (F) 
Gene Ontology (GO) term analysis for biological processes of the 57 direct target 
genes. 
Figure 2.2 Identification of genes dependent on and directly regulated by 
BMP signaling Related to Figure 2.1. (A) Animal view of the maximum 
projection of pSmad5 immunofluorescence of a wild-type and bmp7 mutant mid-
gastrula stage (8 hpf) embryo. Nuclei are stained with Sytox Green. (B) Mean 
pSmad5 profiles of wild-type (n=4) (solid line) and bmp7 mutants (n=3) (dotted 
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line) across the DV axis. Location of the 40 µm band of cells (red) that was 
averaged is indicated on the embryo in top right corner. A.U. is arbitrary units. (C) 
Differential gene expression of wild-type and bmp7 mutants at early gastrulation 
(6 hpf) using RNA-seq. Significantly upregulated genes in wild-type compared to 
bmp7 mutants shown in red; significantly downregulated genes shown in blue. All 
other genes shown in gray. A subset of known BMP-dependent genes is 
highlighted. (D) Animal view of in situ hybridization of foxi1, a known direct target 
of BMP signaling, in the conditions shown. CHX = cycloheximide. (E) Gene 
Ontology (GO) term analysis for molecular functions of the 57 direct target 
genes.  
 
Table 1 BMP upregulated target genes. Related to Figure 2.1 and 2.2. List of 
names and RefSeq accession numbers of genes directly activated by BMP 
signaling during gastrulation, as well as the corresponding cluster number based 
on the Seurat predicted expression profile. Clusters 1, 2, 3 are genes with 
predicted ventrally enriched expression. Cluster 4 contains the genes with 
predicted uniform profiles or significant dorsal expression. NS indicates genes 
that were not sequenced in the Farrell et al., 2018 scRNA-seq dataset. 
Gene Transcript Cluster # 
dlx2a NM_131311 1 
smtnl1 NM_001013321 1 
szl NM_181663 1 
tbx3a NM_001101670 1 
tp63 NM_152987 1 
bmp4 NM_131342 2 
foxi1 NM_181735 2 
gata2a NM_131233 2 
smad6b NM_001045051 2 
smad7 NM_175082 2 
smad9 NM_001328499 2 
atp1b3a NM_131221 3 
bambia NM_131784 3 
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crabp2b NM_001320394 3 
dlx3b NM_131322 3 
eve1 NM_131114 3 
fam212ab NM_199788 3 
foxh1 NM_131502 3 
id2a NM_201291 3 
klf2b NM_131857 3 
msx1a NM_131273 3 
msx3 NM_131272 3 
smad6a NM_001024810 3 
tfap2c NM_001008576 3 
tle3a NM_131012 3 
tll1 NM_131010 3 
ube2e2 NM_001003494 3 
ved NM_183074 3 
vent NM_131700 3 
vox NM_131698 3 
cbx7a NM_001017853 4 
csad NM_001007348 4 
foxi3a NM_198917 4 
fzd4 NM_001305469 4 
fzd5 NM_131134 4 
hsd3b2 NM_212797 4 
id3 NM_152967 4 
id4 NM_001039990 4 
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lats1 NM_001020510 4 
msx2b NM_131276 4 
mthfd1l NM_001242996 4 
nkd1 NM_001043333 4 
nkx2.7 NM_131419 4 
nrarpb NM_181496 4 
nudt4b NM_001004648 4 
pcdh18a NM_001115058 4 
ppp1r14c NM_001029963 4 
skilb NM_001130669 4 
wwtr1 NM_001037696 4 
zfp36l1b NM_199649 4 
cdx1a NM_212836 NS 
dram1 NM_001006049 NS 
kcnh6a NM_212837 NS 




slc14a2 NM_001020519 NS 





Table 2. BMP downregulated target genes. Related to Figure 2.1 and 2.2. List 
of names and RefSeq accession numbers of genes directly inhibited by BMP 
signaling during gastrulation, as well as the expression domain predicted by 
Seurat. NE indicates predicted expression is not enriched along the DV axis. NS 
indicates genes that were not sequenced in the Farrell et al., 2018 scRNA-seq 
dataset. 
Gene Transcript Predicted Domain 
chrd NM_130973 dorsal 
her11 NM_001003886 dorsal 
sparc NM_001001942 dorsal 
st8sia1 NM_001327841 dorsal 
zgc:113314 NM_001033753 dorsal 
def6a NM_201040 NE 
grk7b NM_001033090 NE 
ip6k2a NM_201470 NE 
mhc1lia NM_001327882 NE 
pmela NM_001045330 NE 
si:ch211-133n4.4 NM_001077376 NE 
cpa4 NM_001002217 NS 
cyp2p9 NM_200620 NS 





2.2.2 Ventral BMP target genes are expressed in at least three distinct domains 
 Next, we determined where the genes reading out the BMP signaling 
gradient are expressed along the DV axis of the embryo. Target genes 
responding to different aspects of the gradient would be predicted to be 
expressed in different domains of the embryo. To sort the target genes based on 
their expression pattern, we analyzed a previously published single-cell RNA-seq 
(scRNA-seq) dataset of mid-gastrula zebrafish embryos using the Seurat 
method, which predicts the spatial position of individual cell transcriptomes 
(Farrell et al., 2018; Satija et al., 2015). Locations of single-cell transcriptomes 
were inferred by Seurat based on the co-expression of known landmark genes 
and mapped onto an embryonic grid that was divided into 64 bins: 8 bins across 
the DV axis and 8 bins across the AV (animal-vegetal) axis (Figure 2.3D). The 
predicted expression patterns of the BMP direct target genes within the 64 bins 
across the embryo are shown as a heatmap (Figure 2.3A-D, 2.4A-D). To 
visualize the predicted expression profiles across the DV axis, we summed 
expression in all bins within each of the 8 positions along the DV axis (Figure 
2.3A’’-C’’, 2.4A-D).  
Genes were then clustered based on their predicted expression profiles 
across the DV axis. Fifty of the 57 upregulated target genes were found in the 
scRNA-seq dataset, and 27 genes showed predicted ventrally-restricted 
expression (Figure 2.4A-C). These ventrally-restricted target genes were further 
sorted based on the bins where they were predicted to be expressed in across 
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the DV axis. Five genes had predicted expression enriched within the first 3 to 4 
bins, 6 genes were predicted to be expressed within the first 5 bins, and 19 
genes within the first 6 to 7 bins (Figure 2.3D and 2.4A). Target genes with 
uniform expression or that also included dorsal expression were assumed to 
have multiple signaling inputs and excluded from our analysis (Figure 2.4D) 
(Table 1). The downregulated target genes that were sequenced in the scRNA-
seq dataset displayed either dorsal enrichment or were not enriched along the 
DV axis (Figure 2.5) (Table 2). To further investigate how the pSmad5 gradient 
is interpreted into spatially-distinct gene expression domains, we focused on 
genes that are induced exclusively by BMP signaling. Some of the BMP target 
genes are known to have multiple signaling pathways contributing to the total 
expression pattern. For example, the expression of eve1 is known to be activated 
by both BMP as well as by FGF signaling (Joly et al., 1993; Kudoh et al., 2004; 
Pyati et al., 2005). Similarly, we also avoided examining genes that have 
significant expression remaining in bmp7 mutant embryos (Table 1). 
investigate how the gradient of BMP signaling directs target gene 
expression: sizzled in cluster 1, foxi1 in cluster 2, and bambia in cluster 3. To 
validate the predicted expression patterns of the three target genes, we 
performed fluorescent in situ hybridization (FISH) for each gene on early-gastrula 
(7 hpf) wild-type embryos (Figure 2.6A), when the BMP gradient is patterning 
ventral fates (Kwon et al., 2010; Tucker et al., 2008). Each embryo was 
subdivided into 128 bins equally spaced across the AV and DV axes (Figure 
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2.6B). Expression intensity for each lateral half of the embryo was averaged into 
64 bins, normalized, and displayed similarly as the Seurat heatmap (Figure 
2.3A’-C’). The measured and predicted expression profiles of the three target 
genes are similar across the DV axis (Figure 2.3A’’-C’’) validating this approach 
for examining the DV expression domain. While Seurat accurately predicted 
differences in expression patterns of the three genes across the DV axis, sizzled 
and bambia were incorrectly predicted to be uniformly expressed along the AV 
axis. Using the quantified FISH for these target genes and other landmark genes 
will improve accuracy of Seurat’s predicted expression pattern across the AV 
axis of the embryo.  
To more precisely determine where the three target genes are expressed 
across the DV axis, we quantified the FISH expression intensity (Figure 2.3E-G, 
2.6A). The expression of sizzled, foxi1, and bambia was quantified around the 
DV axis of the embryo at the AV location of highest intensity (Figure 2.6C-E).  
While sizzled and bambia are expressed more broadly along the AV axis, foxi1 is 
a marker for non-neural ectoderm and only expressed in an animal-ventral 
domain of the embryo (Kwon et al., 2010).  We measured target gene expression 
boundaries in individual embryos (Figure 2.6C-E). We found that the boundaries 
of the target genes are located in distinct positions along the DV axis (Figure 
2.3H-J), with each target gene expressed in a significantly different domain of the 
embryo (Figure 2.3K). These results together with the Seurat analysis of 27 
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direct target genes indicate that the BMP signaling gradient can pattern the 




 Figure 2.3 Three distinct expression domains of BMP direct target genes 
(A-C) Heat map of gene expression patterns from Seurat analysis of mid-gastrula 
(8 hpf) scRNA-seq dataset. Predicted expression normalized across all bins of 
sizzled (A), foxi1 (B), and bambia (C). (A’-C’) Average fluorescent in situ 
hybridization intensity measured in early-gastrula (7 hpf) wild-type embryos 
divided into 64 equally-spaced bins. (A’’-C’’) Measured and Seurat predicted 
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expression profiles across the DV axis. Each point is the sum of the expression 
intensity from all bins at one DV position. (D) Schematic of embryonic grid 
divided into 64 bins and the three nested expression domains. Table of 27 
ventrally-expressed target genes divided into three clusters based on their Seurat 
expression profiles. (E-G) Animal and lateral views of average fluorescent in situ 
hybridization signal in wild-type embryos at early-gastrula (7 hpf) of sizzled (n=5) 
(E), foxi1 (n=5) (F), and bambia (n=9) (G). A.U. is arbitrary units. (H-J) Schematic 
of animal view (dorsal to right) of expression domains in early gastrula embryos 
of sizzled (H), foxi1 (I), and bambia (J). The mean (solid line) and standard 
deviation (dotted lines) of expression boundaries shown as degrees across the 
DV axis. Position of domain boundary measured from the average intensity from 
a 40 µm band of cells across the DV axis at the location indicated by the dotted 
circle. (K) DV position of the expression boundaries of individual wild-type 





For representative BMP targets, we chose one gene from each cluster to 
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Figure 2.4 Seurat predicted expression domains of 50 BMP directly 
upregulated target genes. Related to Figure 2.3. (A-D) Heat map of gene 
expression patterns from Seurat analysis for 50 target genes directly upregulated 
by BMP signaling and sequenced in scRNA-seq dataset of mid-gastrula (8 hpf) 
embryos. Predicted expression normalized across all bins. Below are Seurat 
predicted expression profiles across the DV axis. Each point is the sum of the 
expression intensity from all bins at one DV position. Genes are considered 
expressed in a bin with greater than 0.5 A.U. (arbitrary unit) of predicted 
expression. (A-C) Target genes with ventrally enriched expression. The genes 
known to expressed dorsally or in the prechordal plate are indicated by asterisks. 
(A) Cluster 1 target genes that are expressed within the first 3 or 4 bins. (B)
Cluster 2 target genes that are expressed within the first 5 bins. (C) Cluster 3
target genes that are expressed within the first 6 or 7 bins. (D) The remaining
target genes that have random or uniform expression across the DV axis.
Figure 2.5 Seurat predicted expression domains of 11 BMP directly 
downregulated target genes. Related to Figure 2.3. Heat map of gene 
expression patterns from Seurat analysis for 11 target genes directly 
downregulated by BMP signaling that were sequenced in a scRNA-seq dataset 
of mid-gastrula (8 hpf) embryos. Predicted expression was normalized across all 
bins. Below are Seurat-predicted expression profiles across the DV axis. Each 
point is the sum of the expression intensity from all bins at one DV position. 
Genes are considered expressed in a bin with greater than 0.5 A.U. (arbitrary 
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unit) of predicted expression. Genes with higher predicted expression in bins 5-8 
than bins 1-4 are considered to be dorsally enriched.  
Figure 2.6 Quantifying fluorescent in situ hybridization of three target 
genes. Related to Figure 2.3. (A) Animal view of a maximum projection of 
fluorescent in situ hybridization for sizzled, foxi1, and bambia of individual wild-
type embryos at an early-gastrula stage (7 hpf). Nuclei are stained with Sytox 
Green. (B) Schematic of cells of individual embryo partitioned into 128 equally-
spaced bins. Expression intensity within each bin is averaged. Both halves of the 
embryo are averaged together into 64 bins, and the expression intensity is 
normalized across all bins. Expression intensity is displayed as an 8 by 8 
heatmap. (C-E) Individual (colored) and averaged (black) expression profiles of 
sizzled (n=5) (C), foxi1 (n=5) (D), and bambia (n=9) (E) across the DV axis of 
wild-type embryos at 7 hpf. Location of the 40 µm band of cells that was 
averaged is indicated on the embryo in the top right corner. The boundary of the 
expression domain was measured in individual embryos at the position of 10% 
maximum expression intensity. A.U. is arbitrary units. 
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2.2.3 Distinct pSmad5 levels and gradient slopes correspond to different target 
gene expression boundaries 
   Next, we determined where the boundaries of the three BMP target genes 
are located along the pSmad5 gradient. We took sibling embryos of those 
stained for FISH and quantified pSmad5 immunostaining at an early-gastrula (7 
hpf) stage (Figure 2.7A). To identify the pSmad5 position that corresponds to 
each target gene expression boundary, we overlaid the DV position of the target 
gene boundaries onto the pSmad5 gradient profile of the sibling embryos. The 
pSmad5 gradient position at each expression boundary could indicate a distinct 
pSmad5 gradient slope or threshold that cells need to reach to induce differential 
expression of each gene. If gene expression is determined by a pSmad5 
threshold level, then cells will not express a target gene until they reach the 
particular threshold level of pSmad5. Alternatively, if gene expression boundaries 
are positioned by distinct gradient slopes, then cells will activate target genes in 
response to a particular steep or shallow slope of the gradient independent of 
specific pSmad5 levels. It is also possible that one gene may respond to slope, 
while the others respond to distinct thresholds, for example. The same 
mechanism need not apply to all three target genes.  
We found that expression of the three target genes correlates with 
significantly distinct pSmad5 gradient levels (Figure 2.7B). The expression 
boundary of sizzled corresponds to 60% of maximum pSmad5 intensity (Figure 
2.7D). While the expression boundary of foxi1 corresponds to 25% of maximum 
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pSmad5 intensity (Figure 2.7E), that of bambia is very low at only 7% of pSmad5 
maximum intensity (Figure 2.7F). The slope of the gradient changes across the 
DV axis in addition to the level of pSmad5. To determine if the expression 
boundaries correlate with distinct slopes of the pSmad5 gradient, we overlaid the 
boundaries of the target gene domains onto the slope of the pSmad5 gradient. 
The three target gene domains also correspond to three significantly distinct 
pSmad5 gradient slopes (Figure 2.7C). The expression boundary of sizzled 
corresponds to a gradient slope of 1.4 (A.U./degree), foxi1 corresponds to a 
slope of 0.76 (A.U./degree), and bambia to a slope of 0.35 (A.U./degree) (Figure 
2.7G-I). To determine if cells along the AV axis show a differential 
responsiveness to BMP signaling, we analyzed the expression profiles of the 
three target genes over the top of the AV axis of the embryo (Figure 2.8A).  The 
three targets are also expressed in significantly distinct profiles across the AV 
axis (Figure 2.8B-D), which correlates with significantly distinct pSmad5 levels 
(Figure 2.8E-H).  The expression domain of sizzled corresponds to a distinct 
gradient slope, while the slopes at the foxi1 and bambia boundaries are not 
significantly distinct over the AV axis (Figure 2.8I-L).  
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Figure 2.7 pSmad5 gradient with distinct thresholds and slopes delineating 
expression domains. (A) Animal and lateral view of average pSmad5 intensities 
in early-gastrula (7 hpf) wild-type embryos (n=5). A.U. is arbitrary units. (B) 
Measurement of pSmad5 intensity at the expression boundaries of sizzled (red), 
foxi1 (green), and bambia (blue) across the DV axis of wild-type embryos at 7 
hpf. ***P < 0.0001 in comparing pSmad5 levels using unpaired two-tailed 
Students t tests. (C) Measurement of pSmad5 gradient slope at the expression 
boundaries of sizzled (red), foxi1 (green), and bambia (blue) across the DV axis 
of wild-type embryos at 7 hpf. ** P < 0.01, ***P < 0.0001 in comparing pSmad5 
slopes using unpaired two-tailed Students t tests. (D-F) Wild-type pSmad5 
profiles across the DV axis. The intensity is averaged from a 40 µm band of cells 
around the DV axis at the location shown in red in the right corner embryo 
schematic of each panel. One wild-type clutch was used for (D,E,G,H) (n=5), 
another wild-type clutch was used for (F,I) (n=6). Positions of expression 
boundaries for sizzled (D), foxi1 (E), and bambia (F) shown as vertical solid lines. 
Level of pSmad5 at the boundary is indicated as a horizontal dotted line. Colored 
dots indicate positions where target genes are expressed. Standard deviations of 
expression boundaries are shaded. (G-I) Slopes of pSmad5 profiles shown in (D-
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F). Positions of expression boundaries for sizzled (G), foxi1 (H), and bambia (I) 
are shown as vertical solid lines. Slope of pSmad5 at the boundary is indicated 
as a horizontal dotted line. Colored dots indicate positions where target genes 
are expressed. Standard deviations of expression boundaries are shaded. 
 
Figure 2.8 Expression profiles across the AV axis of the embryo. Related to 
Figure 2.7. (A) Schematic showing the location where a band of cells over the top 
of the embryo was averaged, beginning at the ventral margin (-100o) and ending 
at the dorsal margin (100o). (B-D) Individual (colored) and averaged (black) 
expression profiles of sizzled (n=5) (B), foxi1 (n=5) (C), and bambia (n=9) (D) 
across the AV axis of wild-type embryos at 7 hpf. Location of the 40 µm band of 
cells that was averaged is indicated in red on the embryo in the top right corner. 
The boundary of the expression domain was measured in individual embryos at 
the position of 10% maximum expression intensity. A.U. is arbitrary units. (E) 
Measurement of pSmad5 intensity at the location of expression boundaries for 
sizzled (red), foxi1 (green), and bambia (blue) across the AV axis of wild-type 
embryos at 7 hpf.  **P < 0.01, ***P < 0.0001 in comparing pSmad5 levels using 
unpaired two-tailed Students t tests. (F-H) pSmad5 profiles across the AV axis. 
The intensity is averaged from a 40 µm band of cells around the AV axis at the 
location shown in red in the right corner embryo schematic of each panel. One 
wild-type clutch was used for (F, G) (n=5), another clutch was used for (H) (n=6). 
55 
 
Positions of expression boundaries for sizzled (F), foxi1 (G), and bambia (H) 
shown as vertical solid lines. Level of pSmad5 at the boundary is indicated as a 
horizontal dotted line. Colored dots indicate positions where target genes are 
expressed. (I) Measurement of pSmad5 slope at the location of expression 
boundaries for sizzled (red), foxi1 (green), and bambia (blue) across the AV axis 
of wild-type embryos at 7 hpf.  *P < 0.05 , **P < 0.01 in comparing pSmad5 
slopes using unpaired two-tailed Students t tests. NS is not significant. (J-L) 
Slopes of pSmad5 profiles shown in (F-H). Positions of expression boundaries 
for sizzled (J), foxi1 (K), and bambia (L) are shown as vertical solid lines. Slope 
of pSmad5 at the boundary is indicated as a horizontal dotted line. Colored dots 
indicate positions where target genes are expressed.  
2.2.4 Test of gradient slope to position gene expression boundaries 
The boundaries of target gene expression across the DV axis correspond 
to both distinct pSmad5 concentrations and pSmad5 gradient slopes. To directly 
test the ability of either pSmad5 concentration thresholds or gradient slope to 
position gene expression in the gastrula embryo, we utilized mutants that have a 
modified pSmad5 gradient shape and measured corresponding shifts in target 
gene expression (Figure 2.9A, B). If cells across the DV axis respond to distinct 
levels of pSmad5 to activate target gene expression, the boundaries of target 
gene expression will correlate with the same pSmad5 levels even if the gradient 
shape is altered (Figure 2.9B). Alternatively, if cells respond to the shape of the 
gradient, the target gene boundaries will correlate with the same gradient slope 
regardless of pSmad5 level (Figure 2.9B).  
 To investigate the spatial shifts in target gene expression when the 
pSmad5 gradient shape is altered, we used chordin mutant early-gastrula 
embryos. Chordin is a BMP ligand antagonist that acts as a dorsal sink for BMP, 
thus shaping BMP signaling activity during gastrulation (Pomreinke et al., 2017; 
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Tuazon et al., 2020; Zinski et al., 2017). In chordin mutant embryos, the shape of 
the BMP signaling gradient is altered where the highest levels of BMP signaling 
activity expand laterally and the slope of the gradient is shallower in the lateral 
regions (Figure 2.9C, G-L, 2.10A). While maximum pSmad5 levels are similar in 
wild-type and chordin mutant embryos during gradient formation, from 4.7 to 6.3 
hpf (Zinski et al., 2017), a broader region of cells express the highest pSmad5 
levels in chordin mutants (Figure 2.9C, G-I).   
Embryos from crosses between chordin-/- and +/- fish were 
immunostained at an early-gastrula stage (7 hpf) for pSmad5, while siblings were 
assayed by FISH for the three target genes (Figure 2.10C-E). The pSmad5 
gradient and FISH domains were quantitated blindly, followed by genotyping for 
the chordin mutation. The gradient of pSmad5 is expanded laterally in chordin 
mutants compared to the wild-type siblings (Figure 2.9C), as previously shown 
(Zinski et al., 2017). The expression domains of the three target genes were also 
significantly expanded laterally in chordin mutants (Figure 2.9D-F, 2.10B).  
To test whether a similar pSmad5 level delineated the boundary of the 
expression domains, possibly acting as a concentration threshold to provide 
positional information to cells, we determined the position of the target gene 
expression boundary on the pSmad5 gradients of wild-type and chordin mutant 
siblings. We found that a similar pSmad5 level corresponds to the boundary of 
sizzled, foxi1, and bambia expression in both wild-type and chordin mutants 
(Figure 2.9G-I, 2.10F). The sizzled boundary corresponds to 56.8% and 56.5% 
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of the maximum pSmad5 intensity in wild-type and chordin mutants, respectively. 
The foxi1 boundary corresponds to 16.5% and 20.8% in wild-type and chordin 
mutants. The bambia boundary corresponds to 7.2% and 8% in wild-type and 
chordin mutants. The similar levels of pSmad5 delineating the expression 
boundaries of these three target genes in wild-type and chordin mutants provides 
strong support for a concentration threshold model but does not eliminate the 
other models.  
We also determined the pSmad5 gradient slope at the boundaries of the 
three target genes in both wild-type and chordin mutants. We did not find a 
consistent pSmad5 gradient slope at the expression boundaries for sizzled and 
bambia (Figure 2.9J, L, 2.10G).  The sizzled boundary corresponds to gradient 
slopes of 1.1 and 0.52 (A.U./degree) in wild-type and chordin mutants, 
respectively. The bambia boundary corresponds to 0.35 and 1.0 slopes 
(A.U./degree) in wild-type and chordin mutants. The boundary of foxi1 expression 
corresponds to 0.61 and 0.83 slopes (A.U./degree) in wild-type and chordin 
mutants which is not significantly distinct (Figure 2.9K, 2.10G). However, 
multiple positions across the DV axis have similar pSmad5 gradient slopes, so 
gradient shape alone would be unable to provide specific positional information.  
In contrast, the concentration threshold model does provide unique positional 





Figure 2.9 pSmad5 gradient thresholds versus slopes in positioning target 
gene expression in chordin mutant gradient. (A) Model of three target gene 
expression domains in wild-type gastrula embryos positioned by either distinct 
pSmad5 levels or distinct pSmad5 gradient slopes. (B) Model of predicted target 
gene expression boundaries in chordin mutant gastrula embryos corresponding 
to distinct pSmad5 levels or gradient slopes if cells are interpreting pSmad5 
concentration or shape, respectively. (C) Animal view of average pSmad5 
intensities of early-gastrula (7 hpf) wild-type (n=6) and chordin mutants (n=5). (D-
F) Animal view of average fluorescent in situ hybridization intensities of wild-type 
and chordin mutants for sizzled (D) (wild-type n=8, chd-/- n=8); foxi1 (E) (wild-
type n=6, chd-/- n=7); and bambia (F) (wild-type n=9, chd-/- n=4). A.U. is 
arbitrary units. (G-I) pSmad5 profiles of wild-type (black solid line) and chordin 
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mutants (black dotted line). Location of 40 µm band of cells that was averaged is 
indicated on embryo in top right corner. Expression boundaries of sizzled (G), 
foxi1 (H), and bambia (I) in wild-type (solid colored line) and chordin mutants 
(dotted colored line). Standard deviations of expression boundaries are shaded.  
(J-L) Slope of pSmad5 profiles shown in (G-I) of wild-type (black solid line) and 
chordin mutants (black dotted line). Expression boundaries of sizzled (J), foxi1 
(K), and bambia (L) in wild-type (solid colored line) and chordin mutants (dotted 
colored line).  Standard deviations of expression boundaries are shaded. A.U. is 
arbitrary units. 
 Figure 2.10 pSmad5 levels and target gene expression in chordin mutants. 
Related to Figure 2.9. (A) Animal view of the maximum projection of pSmad5 
immunofluorescence in an individual wild-type and chordin mutant at an early-
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gastrula stage (7 hpf). Merged image with Sytox Green staining nuclei. Because 
the chordin mutant displays high pSmad5 levels throughout the embryo, a lower 
confocal laser intensity gain was used in imaging the wild-type and chordin 
mutant embryos in this experiment compared to other pSmad5 imaging 
experiments. (B) Position of expression boundaries for sizzled (red), foxi1 (green) 
and bambia (blue) in individual wild-type (filled) and chordin mutant (opened) 
embryos. ***P < 0.001 in comparing WT to chd-/- in an unpaired two-tailed 
Students t test. (C-E) Average expression profiles of sizzled (C), foxi1 (D), and 
bambia (E) across the DV axis of wild-type (solid line) and chordin mutant (dotted 
line) embryos. Location of the 40 µm band of cells that was averaged is indicated 
on the embryo in the top right corner. (F) Measurement of pSmad5 intensity at 
the location of expression boundaries for sizzled (red), foxi1 (green), and bambia 
(blue) across the DV axis of wild-type (filled) and chordin mutant (opened) 
embryos at 7 hpf.  NS is not significant in comparing pSmad5 levels using 
unpaired two-tailed Students t tests. (G) Measurement of pSmad5 gradient slope 
at the location of expression boundaries for sizzled (red), foxi1 (green), and 
bambia (blue) across the DV axis of wild-type (filled) and chordin mutant 
(opened) embryos at 7 hpf. *P < 0.05, ***P < 0.001 in comparing pSmad5 slopes 
using unpaired two-tailed Students t tests. NS is not significant. A.U. is arbitrary 
units. 
2.2.5 Test of signal duration to position gene expression boundaries 
 The gradient of BMP signaling forms from mid-blastula to early-gastrula 
stages (Hashiguchi and Mullins, 2013; Tucker et al., 2008; Zinski et al., 2017). 
Embryonic cells are exposed to the BMP2/7 ligand for over 4 hours during this 
time period. It is not known if activation of target genes requires differential 
duration to BMP signaling activity, or if cells activate target gene expression once 
the pSmad5 threshold level is reached (Figure 2.11A). In a signal duration model 
that determines ventral target gene expression boundaries, the most ventrally-
restricted genes would require the longest signal duration (e.g. sizzled), whereas 
the most broadly expressed ventrolateral target genes would require the shortest 
signal duration (e.g. bambia) (Figure 2.11A). To address the role of signal 
duration to pattern ventral cell fates, we tested the requirement of BMP ligand 
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exposure to activate target gene expression. If cells respond to different 
durations of signal, then genes that require longer signal exposure will not be 
expressed after a pulse of BMP signaling. If cells respond to concentration 
thresholds, then a pulse of a high BMP2/7 concentration will activate all three 
target genes (Figure 2.11B).   
To test the role of signal duration on the immediate response of gene 
expression, we injected BMP2/7 protein into bmp7 mutant embryos at 4 hpf and 
fixed embryos 30 minutes after injection for FISH and pSmad5 immunostaining 
(Figure 2.11C). We detected robust pSmad5 activation after 30 minutes of 
BMP2/7 ligand exposure (Figure 2.11D). Strikingly, expression of sizzled (Figure 
2.11E), foxi1 (Figure 2.11F), and bambia (Figure 2.11G) was also observed 30-
minutes post injection. This suggests that spatially-distinct target genes can be 
rapidly activated following exposure to BMP ligand. Specifically, activation of 
these target genes does not require the full 4 hours of BMP signaling that cells 
are exposed to endogenously.  
While even shorter signal durations would be unlikely to be physiologically 
relevant, we nevertheless investigated gene expression responses at shorter 
durations of 10, 20, and 30 minutes in this assay. We found that sizzled is 
expressed within 10 minutes of activating BMP signaling in bmp7 mutant 
embryos (Figure 2.12A, B). The expression of foxi1 and bambia was first 
observed 20 and 30 minutes after BMP2/7 injection, respectively (Figure 2.12C, 
D). While bambia with the broadest expression domain would be expected to 
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require the shortest signal duration, we found that it was expressed latest among 
the three genes at 30 minutes in response to BMP signaling (Figure 2.12).  
To determine if genes in the same domain share the same transcriptional 
kinetics, we measured the expression of another broadly-expressed target gene, 
ved (Figure 2.13A).  The expression profiles of ved closely resemble bambia in 
both wild-type and chordin mutant embryos indicating that ved is activated by the 
same low pSmad5 threshold level (Figure 2.13B). However, unlike bambia, ved 
is rapidly activated in response to BMP signaling (Figure 2.12D, 2.13C). While 
differences in transcriptional kinetics have been suggested to underly target 
genes activated by Nodal in zebrafish patterning (Dubrulle et al., 2015), 
differences in the transcriptional kinetics of these BMP target genes do not 
correlate with domain size.  
The mechanism of duration-dependent signaling can also include a 
genetic regulatory network that creates spatially distinct domains of expression 
(Balaskas et al., 2012). To determine the role of secondary transcriptional 
regulation in defining the expression domains, we treated bmp7 mutant embryos 
with CHX at 4 hpf before injecting BMP2/7 protein (Figure 2.14A). Again, all 
three target genes were rapidly activated with the CHX treatment after 30 
minutes of BMP ligand exposure (Figure 2.14B-D). Thus, BMP target genes can 
be expressed in distinct domains of the embryo independent of distinct durations 
of BMP signaling or feedback through genetic regulatory networks. Therefore, we 
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conclude that different durations of BMP signaling activity are not directly 
positioning the expression of these target genes within the embryo.  
 
Figure 2.11 Thirty-minute duration of BMP2/7 sufficient for sizzled, foxi1, 
and bambia target gene expression. (A) Model of target gene expression 
regulated by distinct pSmad5 levels or distinct durations of BMP signaling.  (B) 
Model of target gene activation after a 30-minute pulse of BMP ligand exposure. 
If target genes are activated by different pSmad5 levels, then all three target 
genes will be expressed following exposure to high levels of BMP signaling. If 
differences in signal duration activate BMP target gene expression, then a gene 
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that requires a short signal duration will be expressed, but genes requiring longer 
signal durations will not be expressed. (C) Experimental schematic of a bmp7 
mutant embryo injected with 5 pg of BMP2/7 protein that is fixed 30 minutes post-
injection for pSmad5 immunostaining or FISH. (D) Representative 
immunostaining of pSmad5 intensities of an uninjected bmp7 mutant (n=8) and a 
bmp7 mutant injected with 5 pg of BMP2/7 protein (n=9). Animal pole is facing 
up. (E-G) Representative FISH in bmp7 mutants uninjected or injected with 5 pg 
of BMP2/7 protein for sizzled (E) (n=11 uninjected, n=11 injected), foxi1 (F) 
(n=10, n=11), and bambia (G) (n=10, n=11). Animal pole is facing up. A.U. is 
arbitrary units. 
 
Figure 2.12 Differential target gene induction at 10, 20, and 30 minutes. 
Related to Figure 2.11. (A) Representative immunostaining of pSmad5 intensities 
of an uninjected bmp7 mutant (n=10) and bmp7 mutants injected with 5 pg of 
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BMP2/7 protein and fixed after 10, 20, and 30 minutes after injection (n=10, 
n=10, n=10). Animal pole is facing up. (B-D) Representative FISH for sizzled (E) 
(n=10, n=11, n=10, n=10), foxi1 (F) (n=5, n=5, n=5, n=5), and bambia (G) (n=5, 
n=5, n=5, n=5) in uninjected bmp7 mutants and bmp7 mutants injected with 5 pg 
of BMP2/7 protein and fixed 10, 20, and 30 minutes after injection. Animal pole is 





Figure 2.13 Broadly expressed target gene ved rapidly activated following 
BMP exposure. Related to Figure 2.11. (A) Animal views of average fluorescent 
in situ hybridization signal (FISH) of ved in wild-type embryos (n=6) and chordin 
mutants (n=5) at an early-gastrula stage (7 hpf). (B) Average expression profiles 
of ved (black) and bambia (blue) in wild-type (solid line) and chordin mutants 
(dotted line). Location of 40 µm band of cells that was averaged is indicated on 
embryo in right corner. (C) Representative FISH for ved in bmp7 mutants 
uninjected or injected with 5 pg of BMP2/7 protein and fixed 10, 20, and 30 
minutes after injection (n=5, n=5, n=5, n=5). Animal pole is facing up. A.U. is 




Figure 2.14 Rapid activation of target genes does not require 
transcriptional feedback. Related to Figure 2.11. (A) Representative 
immunostaining of pSmad5 intensities of an uninjected bmp7 mutant treated with 
CHX (n=15) and a bmp7 mutant treated with CHX and then injected with 5 pg of 
BMP2/7 protein (n=15). Animal pole is facing up. (B-D) Representative FISH in 
CHX treated bmp7 mutants that were either uninjected or injected with 5 pg of 
BMP2/7 protein for sizzled (E) (n=10 uninjected, n=11 injected), foxi1 (F) (n=10, 
n=10), and bambia (G) (n=10, n=11). Animal pole is facing up. CHX = 
cycloheximide. A.U. is arbitrary units. 
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2.2.6 Test of signal concentration to activate different target genes 
We have shown the three target genes are expressed rapidly upon 
exposure to high levels of BMP (Figure 2.11). If the target genes are responding 
to concentration thresholds alone, then exposing cells to different levels of BMP 
should activate target genes expressed in distinct domains regardless of signal 
duration or gradient shape. To expose cells to more stable and uniform levels of 
BMP, we manually disassociated cells from bmp7 mutant animal caps at 4 hpf 
and incubated the disassociated cells with 20 ng/ml or 5 ng/ml BMP2/7 protein 
for two hours. Incubation of 20 ng/ml and 5 ng/ml BMP2/7 recapitulated 
endogenous high and low levels of BMP signaling, respectively, found in wild-
type embryos (Figure 2.15A, 2.16). Cells from bmp7 mutants expressed sizzled 
when incubated with the high level of BMP2/7 protein but not the lower level 
(Figure 2.15B, 2.17A), as predicted in the concentration threshold model. While 
bambia is expressed in response to both high and low levels of BMP2/7 protein 
(Figure 2.15C, 2.17B), also consistent with the concentration threshold model. 
We further quantitated in this assay system the number of cells above 
each predicted pSmad5 threshold for sizzled and bambia expression and the 
number of cells expressing each gene (Figure 2.7D-F, 2.9G-I). The predicted 
pSmad5 threshold for sizzled is 60 A.U. and the predicted pSmad5 threshold is 7 
A.U. for bambia.  There is a similar proportion of cells with pSmad5 levels above 
the predicted sizzled threshold (60 A.U.) and cells expressing sizzled in bmp7 
mutants treated with 5ng/ml and 20ng/ml BMP2/7 (Figure 2.15D). Also, similar 
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proportions of cells are above the predicted pSmad5 threshold level for bambia 
(7 A.U.) and are expressing bambia in the bmp7 mutants treated with 5ng/ml and 
20ng/ml BMP2/7 (Figure 2.15E). Together, our data support a model where 
distinct concentration thresholds of BMP signaling activate spatially-distinct target 
genes in DV axial patterning during gastrulation. 
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Figure 2.15 Target genes sizzled and bambia respond to BMP in a 
concentration-dependent manner. (A) Representative pSmad5 
immunostaining intensities of disassociated cells from bmp7 mutants and bmp7 
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mutants treated with 5 or 20 ng/ml BMP2/7 protein.  (B,C) Representative FISH 
for sizzled (B) and bambia (C) in bmp7 mutants and bmp7 mutants treated with 5 
or 20ng/ml BMP2/7 protein. (D) Table displaying the proportion of cells above the 
predicted pSmad5 threshold for sizzled (60 A.U.) in each condition, and the 
proportion of cells expressing sizzled in each condition. Cells with greater than 
10% of maximum signal intensity are considered to be expressing sizzled. (E) 
Table displaying the proportion of cells above the predicted pSmad5 threshold for 
bambia (7 A.U.) in each condition, and the proportion of cells expressing bambia 
in each condition. Cells with greater than 10% of maximum signal intensity are 
considered to be expressing bambia. A.U. is arbitrary units. 
Figure 2.16 Activation of different pSmad5 levels in BMP-treated 
disassociated cells. Related to Figure 2.15.  (A) Representative maximum 
projection of pSmad5 immunofluorescence in whole-mount wild-type embryo, 
disassociated cells from bmp7 mutants and disassociated cells from bmp7 
mutants treated with 5 or 20 ng/ml BMP2/7 protein. Merged image with Sytox 
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Green stained nuclei.  (B) Quantification of nuclear pSmad5 intensities of 
individual cells in whole-mount wild-type embryos, disassociated cells from bmp7 
mutants and disassociated cells from bmp7 mutants treated with 5 or 20 ng/ml 
BMP2/7 protein. 
 
Figure 2.17 Differential response of sizzled and bambia to BMP 
concentrations. Related to Figure 2.15. (A) Representative maximum projection 
of sizzled fluorescent in situ hybridization in whole-mount wild-type embryos, 
disassociated cells from bmp7 mutants and disassociated cells from bmp7 
mutants treated with 5 or 20 ng/ml BMP2/7 protein. Merged image with Sytox 
Green stained nuclei. (B) Representative maximum projection of bambia 
fluorescent in situ hybridization in whole-mount wild-type embryos, disassociated 
cells from bmp7 mutants and disassociated cells from bmp7 mutants treated with 




2.3.1 BMP morphogen interpretation: multiple mechanisms for one signaling 
pathway 
 Multiple mechanisms have been reported for how a gradient of BMP 
signaling activity can provide positional information to pattern a tissue.   In fact, 
there is conflicting evidence for how cells perceive gradients of BMP signaling 
depending on the context. In Drosophila, Dpp (the BMP homolog) is required for 
patterning and proliferation of the wing imaginal disc (Affolter and Basler, 2007; 
Restrepo et al., 2014). Cells in the wing disc have been suggested to sense the 
shape of the Dpp gradient (Rogulja and Irvine, 2005) and the relative temporal 
change of Dpp signaling (Wartlick et al., 2011). There is similar conflicting 
evidence for BMP patterning the dorsal neural tube. Both signal duration (Tozer 
et al., 2013) and ligand identity (Andrews et al., 2017) have been proposed to 
pattern neuronal identities. The mechanisms responsible for cellular 
interpretation of the BMP signaling gradient could vary in different contexts or by 
individual target genes. Understanding the mechanism of BMP morphogen 
interpretation in DV patterning will allow us to compare mechanisms across 
species and systems.  
Here, we provide evidence that the BMP morphogen gradient acting to 
pattern dorsoventral axial tissues is interpreted in a concentration-dependent 
manner to activate three target genes underlying ventral cell fate specification. 
We precisely measured endogenous pSmad5 levels and gene expression 
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activation within the embryo at a single-cell resolution. We found that the genes 
directly patterned by the BMP signaling gradient are expressed in at least three 
distinct domains of the embryo, which correspond to at least three different 
pSmad5 gradient levels that are required to activate representative target genes 
from each domain. Further, these pSmad5 levels act as thresholds that cells 
must reach to activate target gene expression and position gene expression 
boundaries in the embryo, regardless of gradient shape or exposure time. 
Together, our data support a model whereby the BMP signaling gradient is 
interpreted as a concentration-dependent morphogen providing positional 
information to pattern gene expression along the embryonic DV axis. 
2.3.2 Multiple expression domains directly patterned by the BMP gradient 
The genes directly patterned by the BMP signaling gradient remained 
unknown prior to this work. Identification of the genes reading out the BMP 
gradient during DV patterning is not only critical to study the mechanism of 
morphogen patterning we report here, it is also valuable for investigations of the 
ventral cell types specified by this morphogen gradient. Known markers of 
ventrally derived tissues were found to be directly regulated by BMP signaling 
such as tp63 specifying epidermis (Mills et al., 1999; Santos-Pereira et al., 2019), 
foxi1 specifying otic placode (Hans et al., 2007; Kwon et al., 2010), and tfap2c 
specifying neural crest precursors (Bhat et al., 2013), as well as genes with 
unknown roles in cell fate specification. We identified many genes encoding 
components of BMP and other signaling pathways. Interestingly, BMP signaling 
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directly activates the canonical Wnt receptors fzd4/5, the Nodal signaling cofactor 
foxh1, and the Retinoic Acid binding protein crabp2b. This pathway specific 
feedback may be critical for robust gradient formation and integration of multiple 
signaling pathways during embryonic patterning. While our analysis identified the 
initial gene expression read-out of the BMP gradient, further work is needed to 
resolve the genetic regulatory network committing progenitors to specific ventral 
cell fates.   
To determine the number of positional values established by the BMP 
signaling gradient, we reanalyzed a scRNA-seq dataset (Farrell et al., 2018) 
using the Seurat analysis algorithm (Satija et al., 2015) to infer the DV 
expression domains of the 57 direct targets identified. Based on these results, 
the target genes were sorted into three DV clusters and validated by analysis of a 
representative of each cluster as expressed in three distinct embryonic domains. 
Though we identified three distinct domains, the remaining target genes could 
further partition into additional domains across the DV axis. These broad 
overlapping domains will undergo further refinement through regulatory feedback 
and interaction with other signaling pathways later in development to specify cell 
fates. For example, the BMP target gene and preplacodal ectodermal marker 
dlx3b is initially broadly expressed in cluster 3 (Figure 2.4C). By late-gastrulation 
(9 hpf), expression of dlx3b is restricted by factors also induced by BMP 
signaling, tfap2a/c, foxi1 and gata3 to form bilateral stripes that separate 
specification of epidermis and preplacodal ectoderm (Kwon et al., 2010). Future 
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studies will have to address how other broadly expressed domains are refined 
into sharp, spatially discrete domains.  
2.3.3 Concentration, not gradient shape or duration, positions expression 
boundaries 
Our mutant analysis demonstrates that cells do not interpret the pSmad5 
gradient slope to activate three spatially distinct target genes. The slope of the 
pSmad5 gradient undergoes a 2-fold decrease in chordin mutants compared to 
wild-type embryos in the ventral-lateral region (25-75 degrees) and a 2-fold 
increase in the dorsal-lateral region (125-155 degrees) (Figure 2.9J-L), but the 
boundaries of target gene expression remain strongly correlated with specific 
pSmad5 levels (Figure 2.9G-I). Previous analysis of the BMP signaling gradient 
over time has revealed that the gradient is highly dynamic from mid-blastula to 
mid-gastrula stages (Tucker et al., 2008; Zinski et al., 2017). Nuclear pSmad5 
levels rapidly increase at the most ventral positions (0-25 degrees) from 4.7 to 
6.7 hpf. However, the pSmad5 gradient region that we determined patterns target 
gene expression (70-110 degrees) is remarkably stable during this time (Zinski et 
al., 2017). Our lab previously found no significant difference in pSmad5 levels in 
this region during this time period, although the gradient slope undergoes a 2-fold 
increase (Zinski et al., 2017). Stable pSmad5 levels over time may allow cells to 
continually read out the gradient to reduce cell-to-cell variability, and steepening 
of the slope could allow for sharper gene expression boundaries to form.  
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We also showed that cells do not require integration of BMP signaling over 
a prolonged duration to pattern the DV axis. We found that cells rapidly activate 
multiple, distinctly-expressed target genes upon a 30-minute exposure to the 
BMP ligand. This is consistent with previous studies from our lab showing that 
BMP signaling prior to gastrulation is not required for DV patterning (Tucker et 
al., 2008). Specifically, reinitiating BMP signaling activity at 6 hpf in a BMP-
deficient embryo rescues DV patterning. However, reinitiating BMP signaling 
activity at 6.5 hpf in a BMP-deficient embryo failed to rescue. Therefore, while 
cells do not require integration of BMP signaling before gastrulation, there is a 
critical window of time in early gastrulation during which cells are responding to 
BMP signaling. Furthermore, all cells across the DV axis are exposed to BMP 
signaling for the same amount of time as the gradient forms (Tucker et al., 2008; 
Zinski et al., 2017). During mid-blastula stages (before 4 hpf), BMP signaling is 
activated at low levels everywhere, before signaling is cleared from the dorsal 
side and the gradient steepens (Tucker et al., 2008). Together, these data show 
that cells do not require differences in BMP signal duration to activate spatially-
distinct target genes. 
While BMP signal duration or gradient slope has been shown to pattern 
tissues in other contexts, we find that distinct pSmad5 threshold levels pattern 
the embryonic DV axis. It will be important to investigate the molecular 
mechanism by which these thresholds activate target genes to compare BMP 
interpretation across contexts. The molecular mechanisms that establish different 
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pSmad5 thresholds will be particularly interesting because BMP-responsive 
Smad transcription factors bind DNA with weak affinity (BabuRajendran et al., 
2010; Shi et al., 1998a). Therefore, the classic model where differential affinity of 
transcription factors to regulatory elements produces spatially-distinct target gene 
expression patterns alone cannot underlie BMP interpretation. To increase 
affinity and selectivity for DNA, Smad proteins bind to other high affinity DNA-
binding transcription factors  (Hill, 2016). Differential DNA-binding of Smad to 
target gene regulatory elements may be mediated by interactions with these 
cofactors. In Drosophila, the cofactor Zelda is required for BMP target genes to 
be expressed in the correct domain (Deignan et al., 2016) and may represent 
such a Smad co-factor. However, a Zelda ortholog is not present in vertebrates, 
so other co-factors may play this role.  Future studies on the association of 
Smad5 with cofactors or chromatin modifiers will be essential to further uncover 
















Adult zebrafish were kept at 28°C in a 13-hr light/11-hr dark cycle and 
procedures were approved by the University of Pennsylvania IACUC. All 
zebrafish husbandry was performed in accordance with institutional, national 
ethical and animal welfare guidelines. The embryos used for experiments were 
between 0-8 hours post fertilization, with some phenotypes tracked 1-2 days post 
fertilization. Embryos were collected and raised at 28°C in E3 solution. In this 
study, sex/gender is not relevant since zebrafish sex determination takes place 
after 25 days post fertilization (Santos et al., 2017). Adult chordintt250 
homozygous fish were generated by injecting chordin mRNA into 1-cell stage 
chordin-/- embryos to rescue the embryonic ventralization and then raised to 
adulthood. 
Wild-type (TU) RRID: ZIRC_ ZL57 
chordintt250 RRID: ZDB-ALT-980413-523, ZIRC_ZL61 
bmp7asb1aub RRID: ZFIN_ZDB-ALT-050216-2, ZIRC_ZL1390 
 
Genotyping 
Adult and embryonic genomic DNA was obtained using HotShot DNA 
isolation. Genotyping of adults and embryos for the chordin mutation was 
performed using KASPar genotyping (Smith and Maughan, 2015). Primers were 
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designed and generated by LGC Bioscience Technologies to the following 






pSmad5 Immunostaining, Imaging, and Quantification 
pSmad5 immunostaining, imaging, and quantification were performed as 
previously described (Zinski et al., 2017; Zinski et al., 2019). Embryos were fixed 
in 4% paraformaldehyde at 4C, blocked in NCS-PBST, and probed overnight 
with a 1:100 dilution of anti-phosphoSmad1/5/9 antibody (Cell Signaling 
Technology Cat# 13820, RRID:AB_2493181), followed by a 1:500 dilution of goat 
anti-rabbit Alexa Fluor 647 (Molecular Probes Cat# A-21244, RRID:AB_141663) 
and a 1:1000 dilution of Sytox Green (ThermoFisher Scientific Cat# S7020). 
Embryos were gradually dehydrated into methanol, then cleared and mounted in 
BABB, a 1:2 ratio of benzyl alcohol (Sigma B-1042) and benzyl benzoate (Sigma 
B-6630). Mounted embryos were imaged on a Zeiss LSM880 confocal 
microscope with an LD LCI Plan-Achromat 25X/0.8 lmm Corr DIC M27 multi-
immersion lens in the oil-immersion setting. The same single bead from a 
calibration slide (ThermoFisher Scientific Cat#F369009, well A1) was imaged 
between slides to account for any fluctuations in laser power. 
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Images were analyzed with a custom MATLAB algorithm to identify 
individual nuclei center-points and extract pSmad5 intensities from within each 
nucleus (Zinski et al., 2017; Zinski et al., 2019), which were normalized based on 
the standard calibration bead intensity. Resulting embryos were aligned across 
the DV axis and conformed using Coherent Point Drift. Population means were 
generated after genotyping for wild-type and heterozygous sibling controls, since 
all imaging and analysis was performed blinded. Mean profiles were generated 
by averaging pSmad5 intensities of cells in a 30m band. 3-D embryo-wide 
displays of mean pSmad5 were generated by projecting all nuclei on a sphere 
divided into 4800 equilateral triangles and nuclei within each triangle averaged 
together. The pSmad5 gradient slopes were obtained by fitting a lowess fit to the 
average 3-D data’s spherical coordinates phi and theta using the ‘fit’ function in 
MATLAB. 
Fluorescent in situ Hybridization, Imaging, and Quantification 
Embryos were fixed in 4% paraformaldehyde at 4C and gradually 
dehydrated in methanol. Whole-mount in situ hybridizations were performed 
using DIG-labeled anti-sense RNA probes (made with labeling kit: Roche 
11175033910) to sizzled (Muraoka et al., 2006), foxi1 (Kwon et al., 2010), and 
bambia. Probes were visualized with anti-DIG-Horseradish Peroxidase (Roche 
11207733910) developed with TSA Plus Cyanine 3 kits using a 1:50 dilution 
(Perkin Elmer NEL744001KT) and nuclei were stained with 1:1000 dilution of 
Sytox Green. Embryos were cleared, mounted, and imaged as described for 
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immunofluorescence. Images were analyzed using the same MATLAB algorithm, 
except fluorescent intensity was extracted from a 25 pixel sphere from the 
center-point of each nucleus to include the cytoplasmic staining.   
BMP2/7 Protein Injections 
For cycloheximide (CHX) assays, embryos were dechorionated and 
treated with 10 ug/ml of cycloheximide (Sigma #C4859) at 4 hours post 
fertilization for 30 minutes. For both the CHX assay and time-course, the 
embryos were injected with a 3 nl solution containing KCL (0.1 M), bovine serum 
albumin (BSA; 0.1%), rhodamine-dextran (0.5%) and either 120 or 60 nM of 
hBMP2-hBMP7 heterodimer (R&D Systems 2339-BM) into the extracellular 
space. Embryos were allowed to develop for the time indicated, then fixed in 4% 
paraformaldehyde and processed for RNA extraction, whole-mount pSmad5 
immunostaining or fluorescent in situ hybridization.  
Cell disassociation cultures  
At 4 hpf, bmp7 mutant embryos were dechorionated and placed into 1X 
Modified Barth’s Saline (MBS) as previously described (Sagerström et al., 2005). 
One hundred animal caps were removed with forceps, and the collected cells 
were diluted to a final concentration of 5 × 105 in 1X MBS containing Gentamicin 
(50 ug/ml; Gibco). The cells were disassociated by quickly vortexing and 5 or 20 
ng/ml of hBMP2-hBMP7 heterodimer (R&D Systems 2339-BM) was added to the 
tube for 2 hours before fixing with 4% paraformaldehyde. To perform 
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immunofluorescence and FISH, cells were transferred to glass slides by cytospin 
at 750 rpm for 5 minutes. The pSmad5 immunostaining was performed and 
analyzed as described above with the slides mounted in Fluoromount-G 
(Southern Biotechnology Associates) for imaging. For FISH, cells were fixed in 
4% paraformaldehyde for 10 min and allowed to air-dry for 1 hour before 
performing the fluorescent in situ hybridization and analyzed as described above 
with the slides mounted in Vectashield mounting medium (Vector Labs) for 
imaging. Fluorescent signal was normalized to the median of the top and bottom 
5% of cells in wild-type embryos imaged on slides.  
RNA-sequencing and Analysis 
Two replicates of 40 wild-type and bmp7 mutants were collected at early 
gastrula (shield, 6 hpf) and mid-gastrula (70% epiboly, 8 hpf). Three replicates of 
50 bmp7 mutant embryos treated with cycloheximide with or without injected 
BMP2/7 protein were collected 90 minutes after injection. Total RNA was 
extracted from dechorionated embryos with Trizol and purified with phenol-
chloroform. Libraries were prepared with Illumina TruSeq stranded polyA-
selection mRNA kit by the Next-Generation Sequencing Core at the University of 
Pennsylvania. Libraries were analyzed using the Agilgent BioAnalyzer and Kapa 
Biosystems library quantitation kit before sequencing on a HiSeq4000. Sequence 
reads were aligned to the zebrafish GRCz11 genome assembly with RNA-seq 
Unified Mapper (RUM) (Grant et al., 2011). Differential expression was 
determined with EdgeR and values were normalized to counts per million. Gene 
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Ontology (GO) analysis of BMP target genes was performed using the 
PANTHER classification system for the enrichment analysis 
(http://pantherdb.org/) and Fisher’s exact test and False Discovery Rate (FDR) 
<0.05 to determine terms that are statistically significant. (Ashburner et al., 2000; 
Mi et al., 2019).  
Seurat Analysis of Single-cell RNA-sequencing Dataset 
Previously published scRNA-sequencing from 6,100 individual cells 
dissociated from 75% epiboly embryos were used (Farrell et al., 2018). Any cell 
with less than 2,000 genes sequenced were excluded from analysis. Any gene 
sequenced in fewer than 3 cells were also excluded from analysis. Locations of 
the 47 landmark genes used are shown in Satija et al., 2015. Expression of 
target genes were mapped into bins using the Seurat package  vesion 1.2 (Satija 
et al., 2015). Data were normalized in Seurat. 
Statistical Analysis 
Statistical tests were performed on GraphPad Prism software, and 
Student’s t-tests (two groups) or analysis of variance (three groups) were 
performed. Error bars represent standard deviation. Figure legends indicate the 















4.1 Summary of findings 
The fundamental developmental biology question of how morphogen 
gradients impart positional information to pattern tissues has been understudied 
and is largely unknown. Although the role of BMP signaling in DV axial patterning 
is conserved from insects to mammals, it was not known how the gradient is 
interpreted during patterning. The mechanism of BMP gradient interpretation is 
especially interesting because it has been proposed to differ between biological 
contexts. This dissertation sought to address how the BMP signaling gradient is 
interpreted into positional information and multiple cell fates along the dorsal-
ventral (DV) axis.  
Chapter 1 discussed the intracellular regulation of BMP signaling and how 
the transcriptional effectors control gene expression. The chapter also explored 
the role of signaling concentration and duration in morphogen interpretation and 
potential mechanisms underlying different thresholds. In Chapter 2, I identified 
over 50 genes that are directly activated by BMP signaling to specify all ventral-
lateral cell fates during embryogenesis. I determined that these target genes are 
expressed in at least three domains using Seurat analysis of single-cell RNA-
sequencing data from mid-gastrula embryos. I distinguished between three 
models of BMP signal interpretation based on signal duration, signaling gradient 
slope, or signal activation thresholds. To distinguish between these models, I 
quantitatively measured the endogenous phospho-Smad5 (pSmad5) gradient 
and position of target gene expression within the embryo at a single-cell 
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resolution. I eliminated gradient slope or signal duration as mechanisms to 
activate spatially-distinct target gene expression. I determined that the gradient of 
BMP signaling is interpreted in a pSmad5 concentration-dependent manner to 
activate target genes underlying ventral-lateral cell fates. I found that cells 
respond to at least three distinct threshold levels of BMP signaling activity to 
activate and position target gene expression, regardless of signaling gradient 
shape, slope, or signal duration. Our work is the first to demonstrate that BMP 
signaling can activate gene expression in a concentration-dependent manner in 
vivo. Overall, this work has contributed to the understanding of how morphogens 
can impart positional information during tissue patterning. 
4.2 Translating gene expression domains into cell fates 
4.2.1 Identification of BMP target genes 
We identified 57 genes directly upregulated and 15 genes directly 
downregulated by BMP signaling during DV patterning. While BMP signaling was 
previously thought to repress dorsal cell fates indirectly through expression of 
vox, vent, and ved (Imai et al., 2001; Shimizu et al., 2002), we have found that 
BMP signaling can directly repress the expression of the BMP antagonist 
chordin, as well as other neural ectodermal genes. A subset of the genes that are 
upregulated by BMP signaling have roles in ventral fate specification, such as 
tp63 specifying the epidermis, foxi1 specifying the preplacodal ectoderm, and 
tfap2c specifying the neural crest. Further investigations of the genetic networks 
downstream will determine how these transcription factors initiate the genetic 
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cascade that specify all of the ventral cell fates in the embryo. Nine of the 57 
target genes directly regulate the BMP signaling pathway itself including both 
positive and negative regulators. BMP signaling activates the expression of 
extracellular inhibitors (szl, bambia, tll1), the bmp4 ligand, I-Smads (smad6a, 
smad6b, smad7), and the R-Smads smad9 during gastrulation. Positive and 
negative feedback of BMP signaling may be important for robustness during 
gradient formation and should be explored in future studies.  
We found BMP signaling also directly regulates the components of other 
signaling pathways during DV patterning. While BMP signaling downregulates 
ip6k2a, an effector of the Hedgehog pathway (Sarmah and Wente, 2010), BMP 
signaling directly activates the canonical Wnt receptors fzd4/5, the Nodal 
signaling cofactor foxh1, and the Retinoic Acid binding protein crabp2b. As 
described in Chapter 1, Wnt, Nodal and RA signaling contribute to anterior-
posterior axial patterning.  Integration of these signaling pathways to pattern the 
two body axes has been shown to occur at the level of Smad phosphorylation 
and regulation, but our work suggests that additional signal integration may also 
occur through direct transcriptional feedback.  
4.2.2 Refinement of expression domains 
We have found that genes responding to the BMP signaling gradient are 
initially expressed in at least three overlapping domains across the DV axis. 
Analysis of additional target genes may uncover additional domains patterned by 
the BMP gradient. How precise is the BMP gradient to position these expression 
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boundaries in the embryo? Does variability in the level of BMP signaling activity 
correlate to variability in the position of gene expression boundaries? The 
variability in pSmad5 levels ranges from about 10% in the dorsal region to 24% in 
the ventral region (Zinski et al., 2017). The expression boundaries for the three 
target genes are located between 70o and 107o (Figure 2.3K), and this is also 
the region that contains the lowest variability of pSmad5 levels (Figure 4.1A-B). 
The current method of measuring pSmad5 levels and gene expression levels in 
separate embryos limits analysis to comparisons between average positions. 
Simultaneous measurements of single-molecule fluorescent in situ hybridization 
(smFISH) and pSmad5 immunostaining will be required to compare variability of 
pSmad5 levels to variability of target gene expression between individual cells. 
The use of intron-specific FISH probes will also enable measurements of nascent 
transcripts in response to the immediate readout of pSmad5 levels. 
Figure 4.1 Variability of pSmad5 levels across the DV axis. (A) Average 
pSmad5 levels across the DV axis. Data presented in Figure 2.7. The intensity is 
averaged from a 40 µm band of cells around the DV axis at the location shown in 
red in the right corner embryo schematic of each panel. (B) The coefficient of 
variance of pSmad5 levels across the DV axis shown in (A).  
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 The use of smFISH will enable quantitative measurements of target gene 
transcripts across the DV axis of the embryo. Recent work has demonstrated that 
the BMP signaling gradient in Drosophila produces a graded mRNA distribution 
of two target genes, ush and hnt (Hoppe et al., 2020). Interestingly, we also 
observe graded expression of three target genes across the DV axis (Figure 
2.6C-E), but expression levels would need to be validated using quantitative 
FISH. The graded mRNA distribution of ush and hnt in Drosophila was proposed 
to reflect differences in transcriptional burst kinetics that is regulated by the level 
of BMP signaling. Cells receiving high levels of BMP signaling have increased 
ush and hnt transcript levels and more active alleles than cells receiving low 
levels of BMP signaling. Whether the level of BMP signaling activity modulates 
the rate of promoter activation in zebrafish DV patterning will be an exciting area 
of future research.    
The BMP gradient is highly dynamic from mid-blastula to mid-gastrula 
stages (Tucker et al., 2008; Zinski et al., 2017) (Figure 4.2A). While the levels of 
pSmad5 increase 2-fold in the ventral region of the embryo, the pSmad5 levels in 
the lateral region remain stable (Zinski et al., 2017). The shape of the gradient is 
also rapidly changing during gastrulation. A shallow gradient becomes 
increasingly steep and the gradient slope is highest in the lateral region of the 
embryo (Figure 2.7G-I). Steepening of the slope over time may allow for the 
formation of sharper gene expression boundaries. The expression domains are 
also dynamic from mid-blastula to mid-gastrula stages (Figure 4.2B-C). The 
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expression of sizzled and foxi1 is not observed until 6.3 hpf. The expression 
domains of both sizzled and foxi1 expand along the DV axis during gastrulation. 
Interestingly, expression of foxi1 was not detected by FISH at 5.7 hpf even 
though cells have reached pSmad5 levels above the predicted threshold level 
(Figure 4.2C). While foxi1 expression levels need to be validated by qPCR, it is 
possible the embryo may not be competent to express foxi1 at 5.7 hpf, even in 
response to sufficiently high levels of pSmad5. Competency to BMP signaling will 
be addressed later in the chapter.  
The initial readout of the BMP gradient results in the formation of broad 
overlapping domains of target genes. The refinement of these domains into 
discrete domains of gene expression requires downstream genetic regulatory 
networks and interaction with other signaling pathways. The most dramatic 
refinement of an expression domain patterned initially by BMP signaling specifies 
the preplacodal ectoderm, which contributes to the formation of sensory organs. 
Progenitors of the preplacodal ectoderm are initially broadly specified by BMP 
signaling across the DV axis. We have found that markers for preplacodal 
ectoderm respond to intermediate (foxi1) and low (tfap2c) levels of pSmad5. By 
the end of gastrulation, the preplacodal ectoderm progenitors are restricted to a 
narrow band around the anterior neural plate (Kwon et al., 2010). BMP signaling 
is not required for specification of preplacodal ectoderm after early-gastrula 
stages and is no longer required to maintain the expression of foxi1 and tfap2c. 
FGF signaling is then required for refinement and specification of preplacodal 
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tissues. How other domains become resolved and differentiate into cell fates is 
not known for many ventral tissues, but our identification of the initial readout of 
the BMP gradient may inform the identity of the upstream master-regulators that 
control cell fate specification. 
Figure 4.2 Dynamic pSmad5 levels and target gene expression during 
gastrulation. (A) Animal view, dorsal to right of mean pSmad5 intensities in wild-
type embryos at 5.7 hpf (n=5), 6.3 hpf (n=5), and 6.7 hpf (n=5). (B-C) Animal 
views of average fluorescent in situ hybridization signal in wild-type embryos at 
early-gastrula 5.7 hpf, 6.3 hpf, and 6.7 hpf of sizzled (E) (n=5,5,5) and foxi1 (F) 
(n=8,8,8). A.U. is arbitrary units. 
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4.3 Generation of different thresholds 
4.3.1 Differences in pSmad5 binding site affinity 
 We have identified three target genes that are activated by distinct 
concentration-thresholds of pSmad5. The essential question remains how these 
genes are regulated by different levels of signaling activity. Differences in binding 
site affinity is classically thought to be the mechanism of concentration-
dependent responsiveness. Identification of pSmad5 binding sites at the 
regulatory region of target genes will allow the comparison of the binding site 
affinity between genes activated by different pSmad5 threshold levels. The 
pSmad5 binding sites can be identified by chromatin immunoprecipitation (ChIP)-
seq, but antibody availability and heterogeneity within the embryo make the 
experiment challenging.  The small size of the SBE makes it difficult to predict 
Smad binding sites by searching for enrichment of the consensus sequence 
within regulatory regions. However, differences in Smad5 binding site affinity 
have been identified in response to BMP signaling in human endothelial cells 
(Morikawa et al., 2011). The sequences GGCGCC, GGAGCC, and GCCG were 
all found to be enriched in Smad1/5 binding regions by ChIP-seq, and Smad1/5 
was shown to have a lower affinity for the GGAGCC sequence. Once the binding 
sites of pSmad5 have been identified, the sequences could be cloned into a 
reporter construct to determine whether differences in the pSmad5 binding site is 
sufficient to drive expression within the endogenous expression domain. 
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4.3.2 Smad5 cofactors during DV patterning 
 To increase affinity and selectivity for DNA, Smad transcription factors 
bind to other DNA-binding cofactors. It is not known which cofactors are required 
for targeting pSmad5 to DNA during DV patterning in the zebrafish, and very few 
cofactors have been identified for Smad1/5/9 in general. One likely candidate 
cofactor is the zebrafish Oct4 homolog, Pou5f3. Maternal-zygotic (MZ) Pou5f3 
mutants are dorsalized and lack tp63 expression, a known BMP target gene we 
also found by RNA-seq (Belting et al., 2011). It is not known if the expression of 
other BMP target genes is reduced in the MZ-pou5f3 mutant embryos. The 
interaction between Smad5 and Pou5f3 needs to be validated in zebrafish. It will 
be interesting to determine if there is a common set of cofactors for all BMP 
target genes, or if there are differences in cofactors associated with genes 
activated by different threshold levels of signaling.  
Differences in cofactor association have been shown to target Smads to 
different transcriptional targets and may underlie differences in concentration-
thresholds. The transcription factors Zelda and Zen were found to bind the 
regulatory regions of BMP target genes in Drosophila (Deignan et al., 2016). The 
expression domain of the low threshold target gene ush was reduced in zen 
mutants, while the expression of the high threshold target gene hnt was lost. This 
suggests that Zen increases responsiveness to BMP signaling. Zelda was found 
to be required for positioning the expression boundary of another high threshold 
target Race. Mutations in the Zelda binding site of the Race enhancer reduced 
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the expression of Race, while additional Zelda binding sites broadened the 
expression domain in the embryo. Zen and Zelda may act as cofactors for pMad 
to increase the expression domains of ush and hnt. Association with cofactors 
may increase pSmad5 affinity for DNA for a subset of target genes and allow 
genes to respond to lower levels of signal. It will be exciting to explore whether 
cofactor association with pSmad5 mediates BMP gradient interpretation in DV 
axial patterning.  
4.3.3 Differences in pSmad5 threshold across the AV axis 
 Simultaneous patterning of the DV and AV axis in the zebrafish requires 
the integration of multiple signaling pathways. Just as varying the level of BMP 
signaling specifies more ventral cell fates, gradients of FGF and Nodal signaling 
specify more posterior fates. Ultimately, cell fate specification depends on cells 
responding to multiple signaling inputs. We have observed that cells respond to 
BMP signaling differently depending on their location across the AV axis for a 
subset of target gene expression. By comparing the level of pSmad5 and the 
level of gene expression at different positions of the embryo, we see that cells 
uniformly express sizzled in response to BMP signaling across the AV axis 
(Figure 4.3A). However, the expression of foxi1 is restricted to the animal pole of 
the embryo (Figure 4.3B). FGF and Nodal signaling emanating from the margin 
restrict expression of foxi1, as well as other ventral ectodermal genes. When 
FGF signaling is inhibited, foxi1 expression is expanded all the way to the margin 
of the embryo (Hans et al., 2007). Interestingly, we have found that cells at the 
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margin are more responsive to express bambia than cells at the animal pole 
(Figure 4.3C). This suggests that cells at the margin have a lower threshold for 
bambia expression then those at the animal pole. It is possible that integration 
between FGF and Nodal signaling or repression in the animal pole modulates 
BMP responsiveness and the pSmad5 threshold for a subset of target genes. 
Figure 4.3 Response to BMP signaling across the animal-vegetal axis. (A-C) 
Average pSmad5 level and fluorescent in situ hybridization intensity for sizzled 
(A), foxi1 (B), and bambia (C) in individual positions of the embryo. The color of 
the marker indicates the location along the AV axis.   
4.4 Competency of BMP signaling during patterning 
 Previous work from our lab has identified the temporal window when the 
DV axis is patterned in the zebrafish embryo (Tucker et al., 2008). Inhibiting BMP 
signaling after 8 hpf has no effect on DV patterning and the embryos develop 
normally. This suggests that cells become refractory to reductions in BMP 
signaling after mid-gastrula stages. However, there is recent evidence that cells 
in the animal pole remain responsive to BMP signaling even after the temporal 
window of endogenous patterning has passed. MZ mutants for Bmp1a, a 
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metalloprotease that inactivates Chordin, display severely reduced pSmad5 
levels at early gastrula stages but still develop into wild-type adults (Tuazon et 
al., 2020). By mid-gastrula stages, high pSmad5 levels in ventral regions are 
restored and the gradient partially recovers in MZ-bmp1a mutant embryo. To test 
if cells remain responsive to BMP signaling at mid-gastrula stages to express 
ventral anterior markers, we injected BMP2/7 protein into the intercellular space 
of mid-gastrula bmp7 mutant embryos (Figure 4.4A). Embryos were fixed 1.5 
hours post injection and for FISH for foxi1 expression, a preplacodal ectoderm 
marker. We surprisingly saw the induction of foxi1 expression after initiating BMP 
signaling at timepoints later than when ventral-anterior domains were thought to 
be specified (Figure 4.4B). This raises questions on the plasticity of the embryo 
during DV patterning and how responsiveness to BMP signaling is maintained.    
Figure 4.4 Mid-gastrula embryos remain competent to BMP signaling. (A) 
Experimental schematic of a bmp7 mutant embryo injected with 10 pg BMP2/7 
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protein that is fixed 1.5 post-injection for FISH. (B) FISH for foxi1 in bmp7 
mutants uninjected or injected with 10 pg BMP2/7 protein.  
4.5 Concluding Remarks 
 Overall, this work provides a better understanding of how the gradient of 
BMP signaling positions gene expression during dorsal-ventral axial patterning in 
the zebrafish embryo. Gradients of BMP signaling pattern many tissues during 
development, and this work will further the understanding of how BMP signaling 
gradients are translated into multiple cell fates. Additionally, BMP signaling is 
associated with many congenital and adult diseases, including cancers, 
pulmonary hypertension, and osteoporosis, and BMP signaling has exciting roles 
in medical applications and tissue engineering. Uncovering the mechanism of 
how BMP regulates gene expression has broad implications to our understanding 
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